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Abstract
A fundamental feature of neuronal cells is that they possess a highly  polarized mor-
phology, characterized by a single long axon and multiple short dendrites. This polar-
ized morphology and the proper localization of proteins and other subcellular con-
stituents form the basis for neuronal function and their assembly  into functional neu-
ronal networks. [1-3] Specifically, the selective targeting of proteins to specialized 
subcellular domains, such as the axon, is of central importance for the establishment 
and maintenance of these molecularly and functionally highly  specialized subcellular 
compartments. While neuronal polarity  and respectively the polarized distribution of 
proteins has been thoroughly  studied in the early stages of life in mammalian organ-
isms, it is less well characterized in invertebrates and the late stages of life. 
Drosophila melanogaster has served as an excellent model for studying the estab-
lishment of cell and neuronal polarity. Only recently, it has become clear that Droso-
phila neurons exhibit a clear molecular polarization, apparent by the polarized distri-
bution of proteins to either axons or dendrites. Taken together with the appealing 
properties of Drosophila as a model organism, the vast number of available genetic 
tools and the possibility to study cellular processes in vivo, Drosophila represents a 
convenient, simple and genetically tractable model organism to study the intricate 
aspects of the establishment and maintenance of neuronal compartments. 
In this study we used Drosophila melanogaster to validate the polarized distribution 
of proteins to the axonal compartment by the selective expression of transgenic fluo-
rescent proteins with presumed axonal localization in the mushroom bodies of young 
adult flies. We could prove that several aspects of neuronal polarity, such as the se-
lective targeting and trafficking of membrane and transport proteins to the axonal 
compartment are established early in the life of Drosophila neurons. Although some 
aspects of neuronal polarity may be less well established the early  stages of life, our 
findings substantiate the use of Drosophila as a model to study the complex proc-
esses of neuronal polarity.
Secondly, we aimed to investigate the maintenance of the polarized distribution of 
proteins with age by means of a comparative in vivo screen. Mechanisms that under-
lie the aging process and contribute to the commonly observed age-associated cog-
nitive decline are ill defined. Indications that alterations in the polarized distribution of 
5
proteins may occur in the aged brain and contribute to the aging process come from 
the observations of Niewiadomska and colleagues, who could demonstrate the age-
dependent redistribution of axonal microtubule binding proteins, affecting axonal 
transport in mammals [4-6]. Expressing axonal proteins in the mushroom bodies of 
young and aged flies, we observed alterations in the distribution of two membrane 
proteins, whereas the localization of a related membrane protein was unaffected, 
suggesting that the observed rearrangements are not a consequence of the long-
term expression of transgenic proteins. Transport proteins were found to maintain 
their highly selective localization to the axonal compartment, indicating no general 
impairment of axonal trafficking. Moreover we found indications that presynaptic pro-
teins become polarized late in neuronal development, after neuronal compartments 
are already morphologically distinguishable. Our findings raise the possibility  of re-
localization of certain axonal proteins in the aged central nervous system, but further 
research regarding endogenous proteins and underlying mechanism is required. 
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Zusammenfassung
Ein grundlegendes Merkmal neuronaler Zellen ist ihre stark polarisierte Morphologie, 
welche sich in der Ausbildung eines einzigen langen Axons und mehrerer kurzer 
Dendriten manifestiert. Diese polarisierten Morphologie, sowie die differentielle, pola-
re Lokalisation von Proteinen und anderen subzellulären Bestandteilen bilden die 
Grundlage für die Funktion von Nervenzellen und deren Vernetzung zu funktionellen 
neuronalen Netzwerken. [1-3] Insbesondere die selektive Lokalisation von Proteinen 
innerhalb  spezialisierter subzellulärer Bereiche, wie dem Axon, ist essentiell für die 
Etablierung und Aufrechterhaltung dieser molekular und funktionell hoch spezialisier-
ten subzellulären Kompartimente. Während neuronale Polarität, bzw. die polarisierte 
Verteilung von Proteinen, in jungen Säugetierneuronen relativ  gut charakterisiert 
wurde, ist wenig über diese Aspekte in Invertebraten und alternden Neuronen be-
kannt. 
Drosophila melanogaster hat sich als hervorragender Modelorganismus zur Erfor-
schung der Etablierung zellulärer und neuronaler Polarität erwiesen. Erst kürzlich 
konnte gezeigt werden, dass Drosophila Neuronen eine klare Polarität auf molekula-
rer Ebene aufweisen, welche sich in der polarisierten Verteilung von Proteinen ent-
weder im Axon oder den Dendriten zeigt. Dies, sowie die praktischen Vorteile von 
Drosophila als Modellorganismus, die Vielzahl an verfügbaren genetischen Werk-
zeugen und die Möglichkeit zelluläre Vorgänge in vivo zu beobachten, machen Dro-
sophila zu einem unkomplizierten und genetisch einfach manipulierbaren Modellor-
ganismus für die Erforschung komplexer Aspekte der Etablierung und Aufrechterhal-
tung neuronaler Kompartimente. 
In der vorliegenden Studie nutzten wir Drosophila melanogaster um die polarisierte 
Verteilung von Proteinen in Axonen zu bestätigen. Durch die selektive Expression 
transgener fluoreszierender Proteine mit vermeintlich axonaler Lokalisation im Pilz-
körper von jungen Fliegen konnten wir nachweisen, dass einige Aspekte neuronaler 
Polarität, wie die selektive Lokalisierung von Membran- und Transportproteinen im 
axonalen Kompartiment, bereits in jungen Drosophila Neuronen etabliert sind. Ob-
wohl manche Aspekte der neuronalen Polarität in jungen Neuronen weniger gut etab-
liert zu sein scheinen, bestätigen unsere Ergebnisse die Eignung von Drosophila als 
Modellsystem, um die komplexen Prozesse neuronaler Polarität zu untersuchen. 
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Des Weiteren untersuchten wir die Aufrechterhaltung der polarisierten Verteilung von 
Proteinen im Alter, mittels eines vergleichenden in vivo Screens. Hinweise darauf, 
dass Veränderungen in der polarisierten Verteilung von Proteinen im alternden Ge-
hirn auftreten können und zu dessen Alterungsprozess beitragen, gehen aus den Ar-
beiten von Niewiadomska und Kollegen hervor, die zeigen konnten das es zu al-
tersabhängigen Veränderungen in der Lokalisation axonaler Mikrotubuli-bindender 
Proteine, und als Konsequenz Veränderungen im axonalen Transport [4-6]. Durch die 
transgene Expression axonaler Proteine in den Pilzkörpern junger und alter Fliegen 
konnten wir Veränderungen in der Verteilung zweier axonaler Membranproteine zei-
gen, während die Lokalisation eines verwandten Proteins erhalten blieb. Dies deutet 
darauf hin, dass die beobachteten Veränderungen nicht das Ergebnis der langzeiti-
gen Expression transgener Proteine sind und der Funktionalität des angelegten 
Screens. Die axonale Lokalisation von Transportproteinen blieb  erhalten und weist 
darauf hin, dass es zu keinen allgemeinen Beeinträchtigung des axonalen Transports 
kommt. Des Weiteren fanden wir Hinweise darauf, dass präsynaptische Proteine in 
der neuronalen Entwicklung ihre akkurate, polarisierte Lokalisation erst etablieren, 
nachdem neuronale Kompartimente morphologisch klar unterscheidbar sind. Unsere 
Ergebnisse deuten darauf hin, dass es zur Umverteilungen spezifischer axonaler 
Proteine im gealterten zentralen Nervensystem kommen kann, aber um diese Frage-
stellung endgültig zu klären sind fortführende Forschungen hinsichtlich endogener 
Proteinen und der zugrunde liegenden Mechanismen erforderlich. 
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1.Introduction 
1.1. Neuronal polarity and compartmentalization
More than a 140 years ago Otto Dieters firstly coined the basic concept of neuronal 
polarity  based on the highly specific morphology of neurons. He described the emer-
gence of „a variable number of highly branched, thin protoplasmic processes from 
the cell body...”, todayʼs dendrites, and a „prominent single protoplasmic process...“, 
which he termed as „the axis cylinder“, nowadays know as the axon. Thirty years 
later this basic concept was developed further by Cajal into the functional concept of 
neuronal polarity, referred to as „The Law of Dynamic Polarization“. Cajal suggested 
that the transmission of a nerve impulse occurs from dendrites and the cell body to 
the axon, with the dendrites and cell body functioning as a „receptor apparatus“, 
whereas the axon represents an „apparatus of emission and distribution“. Although 
some exceptions from the Law of Dynamic Polarization have to be considered, this 
fundamental concept is still regarded the basis for neuronal and consequently brain 
function. [2]
Today, it is well established that neurons are highly polarized cells, which form three 
primary subcellular compartments; axon, dendrites and cell body. Beyond this gen-
eral partition, subcellular compartments can be divided further into highly specialized 
regions, such as the axonal initial segment at the base of the axon, which is charac-
terized by  the concentration of voltage-gated sodium channels and serves as a point 
for integration of incoming signals and action potential initiation [7].
The establishment and maintenance of these distinct subcellular compartments is 
known to be fundamental for neuronal function, with each subcellular compartment 
taking over a specialized role, as the dendrites receive and integrate incoming sig-
nals, whereas the axon is responsible for further processing and transmittance of in-
coming information. [2]
In addition to these diverse functional features, dendrites and axons have distinct 
morphological features. Typically, a neuron possesses a single long axon that ema-
nates from the cell body (to transmit information) and several shorter, branched den-
drites (to receive information). Axons and dendrites differ in caliber at the base of 
their emergence. Dendrites are usually  thinner than axon and decrease in diameter 
with branching, while the caliber of axons remains constant. [2]
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Apart from these general morphological and functional features, dendrites and axons 
exhibit clear structural and molecular differences. Several cellular constituents local-
ize to distinct subcellular domains, for instance proteins that are essential for neu-
ronal function are differentially targeted to axons or dendrites. [2] 
Some intracellular organelles exhibit a differential subcellular localization, for exam-
ple late endosomes and the Golgi apparatus are restricted to the cell soma and 
proximal dendrites. Polyribosomes are dispersed throughout the somatodendritic 
compartment, but excluded from axons. mRNAs are predominately found in the cell 
body, with some exceptions that are specifically targeted to dendrites [2,8]. Other or-
ganelles, such as the endoplasmatic reticulum and mitochondria are distributed 
throughout the cell. Mitochondria might represent a special case, since their localiza-
tion is known to be highly dynamic and differential localization of mitochondria was 
observed under certain conditions [9]. Differential localization of mitochondria might 
be required to specifically  meet the metabolic demands of certain subcellular sites 
[2], e.g. the clustering of mitochondria was observed at sites of increased synaptic 
transmission, which requires a high level of ATP and Ca2+ buffering for efficient syn-
aptic transmission [10]. 
Synaptic components specifically localize to axons or dendrites, where they cluster at 
sites of synaptic contact. Predominantly, axons contain specialized presynaptic struc-
tures, including synaptic vesicles, vesicle associated proteins and voltage gated ion 
channels, whereas dendrites contain postsynaptic components, such as neurotrans-
mitter receptors and specialized postsynaptic densities [2,3,11]. The highly  polarized 
distribution of these components is thought to be governed by two distinct mecha-
nisms; first, an endogenous targeting of synaptic constituents to dendrites or the 
axon and secondly their subsequent clustering at synaptic sites, triggered by cell-cell 
contact [2,3,11].
Neuronal polarization is also reflected on the level of the cytoskeleton, by a differen-
tial organization of microtubules, specific localization of cytoskeleton associated pro-
teins and differential phosphorylation states of cytoskeletal components. In the ax-
ons, microtubules display an uniform polarity  with their plus-ends distal to the cell 
body, whereas in proximal dendrites microtubules are of mixed polarity [12,13]. Mi-
crotubule binding proteins, involved in the organization and stabilization of the micro-
tubule cytoskeleton polarize to axons or dendrites, such as the microtubule-binding 
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protein MAP2 that is concentrated in the somatodendritic compartment excluded 
from the axon, while dephospho-Tau is concentrated in axons [14,15]. These differ-
ences in the axonal and dendritic microtubule cytoskeleton are thought to facilitate 
polarized trafficking to axons and dendrites, as they may serve as landmarks for the 
sorting of dendritic and axonal constituents [1]. Other cytoskeletal components, such 
as neurofilaments are present in axons and dendrites, but are enriched and highly 
phosphorylated in the axon [2]. 
Another essential molecular feature that neurons share with other polarized cells is 
the ability to selectively target proteins, regardless of being localized to the plasma 
membrane or elsewhere, to distinct subcellular compartments, respectively axons or 
the somatodendritic compartment [3,16]. Especially membrane proteins exhibit a 
highly polarized pattern of distribution. For example voltage gated Na+, K+ and Ca2+ 
channels are specifically  targeted and retained at certain subcellular microdomains, 
which might allow neurons to establish specialized sites with functionally unique 
properties. [2,17]
Taken together, these molecular differences between axons and dendrites are fun-
damental for neuronal polarity and might provide cues for axonal/dendritic identity.
1.1.1. Mechanisms underlying neuronal polarity
Little is known about cellular mechanisms determining the compartmentalization and 
polarization of neurons. Undoubtfully, segregation, selective transport and trafficking 
of intracellular components, such as organelles, RNA and proteins, is of great impor-
tance for the establishment and maintenance of neuronal polarity. Moreover, accu-
rate, polarized distribution of intracellular components is crucial for neuronal function, 
since it serves as a primary mechanism to establish and maintain the identity  of 
highly specialized subcellular domains. [2] For its importance in the given study I will 
focus in the following on the segregation and selective transport of proteins to distinct 
compartments, although selective trafficking of RNA and organelles might be equally 
important. The maintenance of the polarized distribution of proteins is exemplified in 
the following section, by  the polarized trafficking of membrane proteins, which is 
among the best understood mechanisms for maintaining neuronal polarity. 
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1.1.2. Polarized trafficking of Membrane proteins
Membrane proteins, including neurotransmitter receptors, ion channels, and adhe-
sion proteins, differentially  localize to axons or dendrites and their selective targeting 
to distinct subcellular sites is among the best understood mechanisms for polarized 
protein sorting [2,18]. Significant impact on understanding neuronal membrane pro-
tein sorting came from studies exploiting methods previously applied to study protein 
sorting in epithelial cells. Several of these studies could show significant parallels be-
tween protein sorting in epithelial cells and neurons [2]. By monitoring the distribution 
of endogenous proteins or introducing exogenous proteins by viral infection in neu-
rons and epithelial cells, these studies could proof that several proteins exhibit a po-
larized behavior in both cell types, such as viral proteins VSV-G and SFV-E, neuronal 
GABA receptors or transferrin receptors [2,19-25]. Although a few proteins that were 
found to be polarized in epithelial cells did not polarize in neurons and vice versa, it 
can be reasonably assumed that neurons and epithelial cells share fundamental 
mechanisms for the selective targeting of proteins [2,16]. Thus, the polarized traffick-
ing of membrane proteins in neurons is assumed to involve the following, congeneric 
steps: (1) Sorting of axonal and dendritic proteins into divers populations of carrier 
vesicles, (2) targeted transport to the destined sites, (3) insertion into distinct mem-
brane domains and (4) stabilization and anchoring within the membrane. [2]
Sorting of axonal and dendritic membrane proteins presumably  occurs in the trans 
Golgi network (TGN), where membrane proteins are segregated and incorporated 
into different populations of transport vesicles [2,26,27]. Segregation and selective 
incorporation into vesicles is dependent on critical sorting sequences, which widely 
differ between different proteins and are rather heterogeneously located within the 
given proteins [3]. Mechanisms that govern membrane protein sorting are in general 
ill-defined, but several mechanisms were proposed to be involved in this process, in-
cluding the association with distinct lipid types, receptor-mediated sorting and regula-
tion by G proteins, such as the small G proteins of the Rab family [2,28]. 
Subsequent transport of the vesicles to their destination is likely to be dependent on 
the microtubule cytoskeleton, but the actual mechanisms remain nebulous. Differen-
tial affinity of distinct types of vesicles to certain motor proteins might provide a partial 
explanation. Firstly, vesicles destined for the axon may have a higher affinity  to plus-
end targeted motors, whereas vesicles destined for dendrites may preferentially as-
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sociate with minus-end targeted motors. Together with the given differences in the 
organization of microtubules in axons and dendrites [12,13,28], this difference in mo-
tor protein affinity may contribute to an initial sorting of trafficking and synaptic vesi-
cles [1,2,28]. Furthermore, the high diversity of motor proteins and associated 
adapter proteins may provide an additional level of regulation for the targeting of dis-
tinct types of vesicles and other cargos to their destination [1,28].
After arrival of trafficking vesicles near their target site within the membrane, several 
mechanisms are hypothesized to facilitate the highly regulated fusion of the vesicles 
with their destined acceptor membrane, but the underlying mechanisms remain ill 
defined. The high fidelity of this process might be depended on the existence of spe-
cialized microdomains within the membrane, which are characterized by their asso-
ciation with specialized docking proteins, which in turn may interact with vesicle 
associated proteins, e.g. Rab or coat proteins, and trigger vesicle docking and fusion 
[1,2,18].
Once integrated into the membrane, lateral diffusion of membrane proteins needs to 
be limited in order to stabilize the proteins at their site of action or/and destined sub-
cellular compartment. In the axon, the latter is assured by the presence of a dense 
membrane undercoating at the axonal initial segment, which is widely  believed to act 
as a diffusion barrier and helps to maintain distinct axonal and somatodendritic 
plasma membrane properties [29]. Furthermore diffusion of some membrane proteins 
might be limited by association with the cortical cytoskeleton via specific spectrin/
ankyrin isoforms, as observed in epithelial cells [1,2,28].
Apart from these general mechanisms for targeting and retaining proteins at their 
destination, other processes such as local protein synthesis, site-specific post-
translational modification, and local degradation of proteins may contribute to the dif-
ferential localization of proteins to axons or dendrites [2].
1.1.3.  The role of active axonal transport for the maintenance of 
neuronal polarity
Most dendritic and axonal proteins are synthesized in the cell body and have to be 
transported over long distances to their final destination, respectively  axons and den-
drites. How proteins are sorted for dendritic or axonal transport is widely unclear. 
Several proteins were observed to be bidirectionally transported along microtubule 
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tracks in association with membranous organelles at different speeds [1]. These 
proteins are thought to associate with specific microtubule binding motor proteins in 
the cell body, which actively transport them along microtubule tracts. Two major 
classes of microtubule binding proteins, kinesins and dyneins, are thought to mediate 
long range microtubule-based transport and govern the directionality  of transport 
[1,2]. Most members of the large protein superfamily of kinesins travel to the growing 
end of microtubules (the so called plus (+) end), whereas multimeric complexes 
composed of cytoplasmic dynein, dynactin and associated protein move towards the 
non-growing minus (-) end. This intrinsic property of motor proteins is thought to con-
tribute to the initial sorting of dendritic and axonal proteins. Association of cargos with 
the dynein complex may determine its delivery to dendrites, since dynein can enter 
dendrites as a consequence of the mixed polarity of microtubules in the proximal par-
tition of the dendrites [12,13]. In contrast, microtubules in the axon are monopolar 
with their (+) ends projecting towards the periphery [12,13], hence association of 
cargo with (+) end traveling kinesins might facilitate its delivery  to the axon [1,2]. A 
variety of different kinesins and dynein complexes, which differ in the composition of 
accessory subunits, has been identified and is thought to specifically  associate with 
different cargoes, adding an additional level of specificity  to motor protein-dependent 
trafficking [1]. How cargo dissociates from motor proteins and how e.g. cytoplasmic 
proteins are retained once they arrive at their destination still needs to be clarified.
1.1.4.  Maintenance of neuronal polarity and polarized protein 
distribution with age
Once established, little is known about the maintenance of neuronal polarity. In gen-
eral there is no evidence for changes in the polarity of neurons under normal physio-
logical conditions. Nevertheless, experimental evidence exists that at least during 
development neurons are capable of changes in their polarity  in response to injury 
[2,30]. It is not known wether similar switches in polarity occur during normal devel-
opment or in the adult nervous system. 
Interestingly, changes in polarity are thought to be associated with some age-related 
neurological diseases [2]. Among these is Alzheimerʻs disease, where alterations of 
the dendritic and axonal microtubule cytoskeleton and associated proteins are con-
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sidered hallmarks of the disease [31-33]. Up to date, alterations of the neuronal cyto-
skeleton and changes in the distribution of cytoskeleton associated proteins during 
normal aging are only vaguely  defined, but Tubulin, Tau and a recently discovered 
microtubule associated protein (MAP) CacyBP/SIP were found to change their local-
ization with aging. While being predominantly detected in dendritic or axonal proc-
esses in young rats, a relocation of these proteins occurs in aged rats and they ma-
jorly accumulate in the cell body  [4-6].In contrast, another MAP, MAP2, did not sig-
nificantly  change its localization in the same animals, indicating that the redistribution 
of Tau and CacyBP/SIP were not caused by a general degeneration of cell processes 
[6] and can be considered an age-associated, molecular rearrangement. Age-
dependent relocation of Tau is thought lead to a destabilization of the axonal cyto-
skeleton, which might cause an impairment of active axonal transport, as exemplified 
for the retrograde transport of the nerve growth factor (NGF) and its receptors in ba-
sal forebrain cholinergic neurons [4,5,34]. Furthermore mislocalization of Tau and its 
effector GSK-3β and consequent degeneration of the cytoskeleton have been pro-
posed to account for the age-associated degeneration of basal forebrain cholinergic 
neurons and may represent general mechanisms involved in neurodegeneration and 
cognitive decline of brain performance during physiological aging [34].
Another indication for age-dependent alterations of polarized trafficking of cellular 
components comes from the observation that several age associated neurological 
diseases are associated with abnormalities in cellular trafficking, respectively axonal 
transport [35]. A slowdown of microtubule associated motor proteins, kinesin-1 and 
dynein was reported in the early  stages of Alzheimerʻs and Parkinson disease. 
Moreover these alterations were hypothesized to not only contribute, but even trigger 
neurodegenerative processes, with particular regards to the role of retrograde trans-
port. [35] Wether similar alterations of the intracellular transport occur under physio-
logical conditions in the aging CNS is currently unknown. 
1.2. Drosophila melanogaster
1.2.1. Drosophila as a model system
The fruit fly, Drosophila melanogaster, has firstly been used as a genetic model or-
ganism in the beginning of the 20th century by the American embryologist and ge-
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netic pioneer Thomas Hunt Morgan. Till today it is among the most popular model 
organisms in biological and biomedical research. Its basic genetic properties, the 
convenient experimental handling and the vast number of readily available genetic 
tools make Drosophila melanogaster an optimal model organism for genetics [36]. 
Although flies and humans vary considerably  evolutionary and anatomically, there is 
a considerable conservation of gene sequences and function, as well as develop-
mental and cellular processes [37]. Genetic studies of the early  development of cellu-
lar and respectively neuronal polarity  [38-42] have made significant contributions to 
the field, not least because most studies regarding neuronal polarity  in mammals 
have been conducted in primary  cell culture, whereas studies in Drosophila benefit 
from the possibility of exploiting the richness of genetic tools and observe neurons in 
vivo.
1.2.2. Drosophila central nervous system 
The central nervous system of Drosophila has been extensively studied in the past 
decades and has proven to be a convenient model to study  various neurological 
processes. Morphological and functional properties of many neuronal subpopulations 
in the fly brain are well characterized, enabling researchers to have recourse to a 
vast amount of information on each of these subpopulations [43][www.flybrain.org, 
11/2010].
Basically the fly brain consists of a central brain, which is laterally connected to the 
two optic lobes and posterior to the thoracic ganglion. The central brain can be di-
vided into five major brain centers with distinct functions. (1) The antennal lobes, pri-
mary neuropils involved in olfactory chemosensory reception. (2) The mushroom 
bodies, a paired neuropil structure, which primarily receives information from anten-
nal lobe projection neurons and is thought to be involved in higher order olfactory 
learning and memory. (3) The central body  complex, which is composed anteriorly  of 
the ellipsoid body, the fan shaped body and superior arch that lie above the paired 
noduli. All of the above mentioned neuropils are connected to the protocerebral 
bridge and the protocerebrum (4), a collection of discrete concatenated neuropils 
with widely unknown functions. (5) The posterior slope and lateral deutocerebrum, 
which both include neuropils involved in mechanosensory and visual processing. The 
lateral deutocerebrum, receives input from the optic lobes, which are required for the 
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processing of visual input from the compound eye and can be consecutively divided 
into four neuropils: the lamina, the outer and inner medulla, lobula, and lobula plate 
[www.flybrain.org, 11/2010].
Figure 1: Illustration of the major brain structures in the Drosophila CNS superimposed on a Drosophila 
head. Adapted from Martin Heisenberg (2003) Mushroom body memoires: from maps to models.  Nature reviews 
neuroscience 4, pp. 266. 
In green (OL) olfactory lobes; dark blue (MB) mushroom bodies; orange (CX) central complex;  red (AL) antennal 
lobes.  Diverse neuropils surrounding the MBs and central complex are indicated in grey. The subesophageal 
ganglion, which does not belong to the CNS of Drosophila, is depicted in yellow.  
Although the fly brain significantly differs morphologically  and is of lower complexity, it 
is composed of the same basic cellular components as the mammalian brain. Neu-
rons and glia cells of the Drosophila CNS share many features with their mammalian 
counterparts, such as a conserved subcellular organization and neurotransmitter sys-
tems, including dopamine acetylcholine, glutamate and GABA [44]. Taken together 
with the benefits of Drosophila as a genetic model organisms, these similarities of the 
basic architecture of its brain have made Drosophila a popular alternative model to 
mammalian systems for neurobiological research. For instance it has been used to 
study complex processes, such as memory formation [45], olfactory  processing [46] 
and age-related defects in olfactory  memory [47]. In the recent years Drosophila has 
been increasingly used to study different aspects of neuronal compartmentalization 
and polarity, including the differential distribution of proteins and other cellular com-
ponents [40-42,48-51].
17
1.2.2.1. The Mushroom bodies
Due to its relevance for the current study I will focus in the following on the architec-
ture of the Mushroom Bodies (MB). The Drosophila Mushroom bodies or corpora pe-
dunculata are one of the most prominent brain structures of the protocerebrum and 
are thought to be involved in various behavioral and physiological functions, such as 
higher order olfactory associative learning [52,53]. This paired, characteristically 
shaped neuropil is comprised of approximately 2500 densely packed parallel intrinsic 
neurons, the so called Kenyon cells, per brain hemisphere [54,55] and receives input 
from several thousand associated extrinsic neurons. The cell bodies of the Kenyon 
cells form quadruple clusters at the dorsal posterior cortex on either side of the cen-
tral complex and each Kenyon cell provides a single neurite that gives rise to several 
dendritic branches, which extensively arborize within the neuropil and contribute to 
the hemispherical calyx beneath the cell body layer. The calyx is thought to harbor 
structures of postsynaptic specialization [41,56] and represents the major input site of 
the MB, which receives information from olfactory  projection neurons (Figure 2A) 
[57,58]. Directly beneath the calyx, Kenyon cell processes converge firstly  into five 
presumably axonal tracts that subsequently converge to a pair surrounded by a ring 
of axons and further converge, giving rise to a densely packed tract of axons, the so 
called peduncle [54,59]. The axonal peduncle runs down anteriorly and ventrally 
through the central brain and terminates at the heel region, where the axonal tract 
diverges into five distinct lobes, of which two project vertically (α and αʻ) and three 
horizontally, towards the midline (β, βʻ and γ) (Figure 2B) [54,60-62]. The lobes of the 
MB are thought to represent the major output site of Kenyon cells, but have been 
shown additionally to receive input from extrinsic neurons [59,63,64].
Kenyon cells of the Drosophila MBs can be classified into three distinct populations, 
distinguished by  their axonal projections into the different lobes; (1) one population 
with branched, densely packed axons, forming α and β lobe, (2) another population 
with bifurcated axons, composing the as well densely packed αʻ and βʻ lobe and (3) a 
population with unbranched axons that sends its axons to the γ lobe, which form a 
rather diffuse network (Figure 2C) [62]. These distinct populations of Kenyon cells are 
developed in a sequential manner, starting in the embryo and accomplished during 
metamorphosis [65]. The three subtypes of Kenyon cells differ in their gene 
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expression, use of neurotransmitter systems, connection to extrinsic neurons and 
behavioral functions [59,66,67]. 
A
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to understand the cellular organization of the MB and its
development.
The MBs appear as paired neuropils in the Drosophila brain
(Fig. 1A). The gross morphology can be divided into discrete
anatomical domains. The cell bodies are clustered at the dorsal
posterior surface of the central brain and their dendrites form
the calyx structure right below the cell body region. The axons
form the peduncle, which extends ventrally toward the anterior
surface of the brain, where it segregates into five terminal lobes
(Crittenden et al., 1998) (Fig. 1B). The ! and !’ lobes project
toward the dorsal surface, while the ", "# and $ lobes project
toward the midline of the brain. As revealed by Golgi staining,
MB neurons are unipolar, their dendrites branch into the calyx
right below the cell body, and individual axons project through
the peduncle and extend into the lobes. In the housefly, two
types of axonal projections can be distinguished based on their
branching patterns (Strausfeld, 1976). Some axons bifurcate
into dorsal and medial branches, while other axons only extend
toward the midline without bifurcation. MB neurons with these
stereotyped projection patterns have also been described in the
Drosophila (Yang et al., 1995; Armstrong et al., 1998).
Interestingly, these five lobes can be grouped into three sets
based on the expression levels of various MB-enriched
antigens (Crittenden et al., 1998). For any given antigen, ! and
" lobes always have comparable expression levels, !# and "#
lobes always share strong similarities, and the $ lobe is distinct
from the others. These findings have led to the proposal that
there are three major projection configurations of MB axons.
One type of MB neuron projects its axons only into the $ lobe,
the second type projects its axon branches into both !# and "#
lobes, while the third type projects its axon branches into both
! and " lobes (Crittenden et al., 1998).
In each brain hemisphere, the MB is derived from four
neuroblasts (Nbs). Labeling DNA replication by BrdU
incorporation revealed continuous proliferation of MB Nbs
from the embryonic stage to the late pupal stage (Truman and
Bate, 1988; Ito and Hotta, 1992). Interestingly, each MB Nb
generates a similar set of neurons and glial cells, as evidenced
by the 4-fold organization of marked neurons in various MB
enhancer trap lines and the same gross morphology of marked
neurons derived from random MB Nbs (Ito et al., 1997).
Therefore, how MB neurons with different axonal projections
T. Lee, A. Lee and L. Luo
Fig. 1. The organization of the adult mushroom bodies (MBs)
and clonal analysis using MARCM. (A) Composite confocal
images of an adult brain show the morphology of the paired
MBs, one in each brain hemisphere. Expression of the mCD8-
GFP, driven by the GAL4-OK107, allows for visualization of the
whole MBs. seg, supraesophageal ganglion; ol, optic lobe; sub,
subesophageal ganglion. (B) Close-up view of the right MB in
A. Five axonal lobes are grouped into three sets, based on a
previous proposal (Crittenden et al., 1998). The $ lobe is outlined
in red, the !# and "# lobes are outlined in green, and the ! and "
lobes are outlined in blue. (C) Schematic drawing shows the
essence of the MARCM system. Mitotic recombination between
two FRT sites (triangles) results in loss of the repressor
transgene (tubP-GAL80) in one of the daughter cells, and hence
GAL4-dependent expression of the marker transgene (UAS-
mCD8-GFP). (D) Schematic drawing shows how mitotic
recombination in a dividing Nb can lead to formation of two
mutually exclusive types of marked clones. If the regenerated Nb
loses the repressor gene, all postmitotic neurons generated
subsequently in the same lineage will be labeled (upper). In
contrast, if the GMC loses the repressor gene, only two neurons
derived from this GMC will be labeled in the whole lineage
(lower). In addition, mitotic recombination in a dividing GMC
can generate a single cell clone independently (lower).
(E) Composite confocal images of an adult MB Nb clone
demonstrate five axonal bundles, three projecting medially and
two projecting dorsally. This clone was generated by inducing
mitotic recombination in a newly hatched larva with the
genotype of hs-FLP/Y; FRTG13,tubP-GAL80/FRTG13,UAS-
mCD8-GFP; GAL4-OK107/+. (F) Based on the observation that
five lobes could be grouped into three sets of bundles with
characteristic antigen compositions, Davis and his colleagues
proposed that there are three types of neurons with different
characteristic axonal projections (Crittenden et al., 1998). One
type of neurons (red) project their axons only into the $ lobe,
another type of neurons (green) have branched axons projecting
into both the !# and "# lobes, and the third type of neurons (blue)
have branched axons projecting into both the ! and " lobes. The
question is: how are they generated from a single neuroblast? In
this and all subsequent figures, the brain is shown in an oblique
configuration so that dorsal-anterior is up. All figures except Fig.
1A have midlines on the right side. The unit in the scale bar is µm in this and all subsequent figures.
!!
Figure 2: The Drosophila Mushroom bodies
(A) Illustration of the mushroom bodies with connectivities in the olfactory pathway. From Martin Heisenberg 
(2003) Mushroom body memories: from maps to models. Nature reviews neuroscience 4, pp.266.  (B) Composite 
confocal images of the close-up view of the right MB of an adult fly, visualized by expression of mCD8- GFP, 
driven by GAL4-OK107, for the visualization of the whole MB. The five axonal lobes are outlined; γ lobe in red, α′ 
and β′ lobes in green, and α  and β lobes in blue. From Lee et al. (1999) Development of the Drosophila mush-
room bodies:  sequential generation of three distinct types of neurons from a neuroblast. Development vol. 126 
(18) pp. 4065 (C) Schematic drawing of the three types of Kenyon cells, classified by their axonal projections. 
One type of Kenyon cells (green) project their axons only into the γ lobe, another type (blue) with branched axons 
projecting into α′ and β′ lobes,  and the third type (red) as well with branched axons projecting into α and β lobes. 
From Pauls et  al.  (2010) Drosophila larvae establish appetitive olfactory memories via mushroom body neurons of 
embryonic origin. J Neuroscience vol. 30 (32) pp. 10655-66
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1.2.2.2. Polarization of Drosophila neurons 
Like in other invertebrates, Drosophila neurons are typically  monopolar and give rise 
to a single process (Figure 3). Several dendritic branches arise from this single proc-
ess, which may arborize within the neuropil and contain postsynaptic structures, as to 
be seen for the Drosophila mushroom bodies (Figure 2C, 3B) [2,68]. In some cases, 
the dendrites of a single cell can contact several different ganglia [2]. It is widely ac-
cepted that Drosophila neurons possess a clear functional polarization, but it remains 
highly debated, whether they share structural and molecular characteristics of neu-
ronal polarization with their mammalian counterparts or not [2,40]. Studies that have 
previously addressed this question led to opposing conclusions. When considering 
primarily morphological and ultrastructural properties of invertebrate neurons, re-
searchers concluded considerable differences [2,69], whereas studies focusing on 
molecular properties of different subcellular compartments came to the conclusion 
that the „major kinds of compartmentalization“ [41] are conserved from Drosophila to 
mammals [41,49,70,71]. Of considerable interest is the recent study  of Rolls and col-
leagues, who could show that the observed functional compartmentalization of Dro-
sophila neurons is also reflected on a molecular level. Expressing fluorescently 
tagged markers and tagged endogenous proteins in larval interneurons of the mush-
room body and projection neurons, they could confirm that various manifestations of 
neuronal polarization and compartmentalization observed in mammals are also true 
for Drosophila [41]. A  fundamental manifestation of neuronal polarity, the differential 
organization of the microtubule cytoskeleton, was affirmed for Drosophila neurons, 
including the differential localization of microtubule binding proteins and polarity of 
microtubules in axons and dendrites. Tracking of GFP-tagged microtubule plus end 
binding protein EB1 (EB1-GFP) revealed a similar organization of microtubules as in 
mammals, with axonal microtubules arranged with their plus ends distal to the cell 
body, whereas microtubules in dendrites were found to be majorly arranged with their 
minus ends distal to the cell body, but occasionally dendritic microtubules of mixed 
polarity  were observed [41], although other reports had previously shown that RNA 
granules are present in dendrites [48]. This contrasts the observed extension of the 
proteins synthesis machinery into proximal dendrites in mammals. As in mammalian 
neurons, pre- and postsynaptic connections were detected in specific regions of MB 
neurons and postsynaptic markers were found to be restricted to the dendritic com-
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partment. Synaptic vesicle markers were found to localize to dendrites and axons of 
the MB, indicating the possibility of dendro-dendritic connections [41]. Moreover, the 
authors proposed that Drosophila neurons might share another feature with their 
mammalian counterparts and appear to possess a domain of subcompartmental 
specialization in the axon, the axon initial segment [41]. Additionally the selective lo-
calization of non-synaptic membrane proteins, as observed in mammals, was con-
firmed for neurons of the Drosophila CNS [41]. The highly polarized distribution of 
membrane proteins was additionally confirmed by Katsuki and co-workers., who 
could show that Roundabout (ROBO) receptors are specifically targeted and retained 
in certain domains of the axon [71]. Taken together, these findings indicate that Dro-
sophila neurons possess a clear polarity, similar to mammalian neurons and repre-
sent a powerful system to study the establishment and maintenance of neuronal po-
larity. 
! ! !
A
! !  
B
Figure 3: Comparison of a typical vertebrate neuron (A) and a generalized Drosophila neuron (B). From 
Spindler and Hartenstein. (2010) The Drosophila neural lineages: a model system to study brain development and 
circuitry. Development Genes and Evolution vol. 220 (1-2) pp. 1-10.
Dendritic arbors are depicted in orange and axonal projections in green. (A) Multiple, short  dendrites emanate 
from the cell body of a typical bipolar vertebrate neuron and classically harbor postsynaptic sites (white circles), 
whereas the single long axon harbors post synaptic sites (black circles). (B) Unlike bipolar vertebrate neurons, 
Drosophila neurons are unipolar. A single long neurite that emanates from the cell body emits lateral branches, 
which give rise to dendritic arbors, containing presynaptic specializations. 
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2. Experimental readout 
2.1.Mushroom bodies as a model neurons
The Drosophila mushroom bodies are among the best studied neuropils in the fly 
brain. Their conserved, layered cellular organization, with a clear subcellular com-
partmentalization within the layers [41,67,72-75], and the plethora of readily  available 
genetic tools for their manipulation, such as a variety  of Gal4 drivers with different 
strengths that facilitate the expression of target genes throughout the MB or only  in 
distinct lobes (as to be seen in Figure 4A), makes them a forceful tool for genetic and 
cytological studies. Another major advantage of these model neurons is their known 
subcellular compartmentalization [41], which has not been shown convincingly for 
any other neuropil of the fly brain. The large number of Kenyon cells, whoʼs axons 
run together in the peduncle and are highly concentrated in the lobes, enables the 
detection of robust axonal phenotypes [76]. Moreover their dendrites are clearly 
separated from the axons, forming a dense network above the axonal tract (the ca-
lyx), which makes the MB an ideal system to study gross alterations in the polarized 
distribution of proteins [41].
A
! bulb
B
Figure 4: Architecture of the Drosophila mushroom bodies
(A) Composite confocal images of α, β and γ lobe neurons of the Drosophila Mushroom bodies in adult flies, 
visualized by 201Y driven expression of the ubiquitous membrane marker, mCD8-GFP (green) and the dendritic 
marker (DenMark, red). The Genotype of the brain is 201Y Gal4;UAS-DenMark/UAS-CD-8 GFP.
(B) Schematic representation of the layered architecture of the MBs with the cell body layer on top, followed by 
the dendritic calyx. Bellow,  proximal axonal tracts converge in the peduncle and split at the heel region into the 
lobes.  Note that for simplicity only the horizontal α and the vertical γ lobe are depicted, as αʼ, β  and βʻ lobe are 
mostly superimposed by the α or γ lobe.
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2.2. UAS-Gal4 system
The binary UAS-Gal4 system is a frequently used tool for targeted gene expression 
in Drosophila [77]. It is composed of two basic units, firstly the yeast transcription fac-
tor Gal4, which can be expressed under the control of a tissue or cell specific pro-
moter and enables the spatiotemporal control of gene expression. Secondly, a target 
gene of interest fused to a Gal4 responsive Upstream Activating Sequence (UAS). 
Binding of the Gal4 transcription factor to the UAS activates transcription of the 
downstream target gene, which is inactive in the absence of Gal4. By crossing flies 
carrying the Gal4 transcription factor with flies carrying a UAS-target gene of interest, 
progeny is obtained that expresses the gene of interest. If a tissue-specific promoter 
controls expression of Gal4, it will result in an identical expression pattern of the 
UAS-target gene in the progeny. The principle of the Gal4 system is illustrated in Fig-
ure 5, as applied in the current study.
! ! ! ! !
201Y
promoter Gal4
UAS
Gene of
 interest
Figure 5: Illustration of the Gal4 system (adapted with slight  variations from Brand and Perrimon. Targeted 
gene expression as a means of altering cell fates and generating dominant phenotypes.  Development (1993) vol. 
118 (2) pp. 401-415)
Transgenic flies that express the yeast transcription factor Gal4 under the control of the 201Y promoter in a sub-
set  of MB neurons are crossed to transgenic flies, in which the expression of a GFP tagged protein of interest is 
controlled by the Gal4 interacting UAS element. The obtained, double transgenic F1-progeny will specifically ex-
press the gene of interest in a subset of mushroom body neurons.
x
201Y
promoter Gal4 UAS
Gene of
 interest
F1
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A variety of well characterized fly strains carrying the Gal4 transcription factor under 
the control of different promoters has been generated by research groups worldwide 
and are publicly available from stock centers. Same accounts for various target 
genes under UAS control. This powerful genetic tool can be easily  combined with 
other techniques to study gene functions and properties in vivo. It is possible to ex-
press fluorescently  tagged proteins by the use of the UAS-Gal4 system in order to 
determine the subcellular localization of a protein of interest. When used in conjunc-
tion with high resolution confocal microscopy it is even possible to monitor 
expression and localization in whole-mount preparations. A recent study has used 
this approach to characterize the dendritic compartment of four independent neuronal 
populations, by the means of expressing a novel dendritic marker, named DenMark 
(Dendritic Marker) with the UAS-Gal4 system. DenMark, a hybrid protein composed 
of the mouse protein ICAM5/Telencephalin and the red fluorescent protein mCherry, 
was shown to reliably  localize to the dendritic compartment of probably all Drosophila 
neurons [78], suggesting that Gal4 expressed ICAM5 protein maintains its subcellular 
localization. This finding substantiates the use of the UAS-GAl4 system in conjunc-
tion with fluorescent labelled proteins for monitoring the subcellular localization of 
proteins in Drosophila neurons and augments the applications of the Gal4-UAS sys-
tem for cytological studies.
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3. Aims 
The differential localization of proteins to distinct subcellular compartments is an in-
dispensable feature of polarized cells. Neurons are highly polarized cells and the 
ability  to selectively  target proteins to specialized subcellular domains is essential for 
the establishment and maintenance of neuronal compartmentalization and in conse-
quence neuronal function; to receive and transmit information. The later is assured by 
the axon and the polarized distribution of proteins to the axon is essential for the in-
tegrity  of this molecularly and functionally unique compartment. Drosophila mela-
nogaster has served as an invaluable model to study various aspects of cell and re-
spectively  neuronal polarity [40-42,49,50,70]. Its practical properties, such as a short 
lifecycle, the disposability of a variety of genetic tools and the possibility  to study 
physiological processes in vivo [36] make Drosophila an ideal system to screen for 
alterations in the polarized distribution of proteins. Although mounting evidence exists 
that Drosophila neurons are polarized at the molecular level [40-42,50], the polarized 
distribution of cellular components, including organelles and proteins remains to be 
highly debated. Hence the first objective of this work is to show that proteins specifi-
cally localize to the axon in the young Drosophila CNS by the means of an in vivo 
screen for the localization of transgenically expressed fluorescent proteins in the 
mushroom bodies.
Secondly, as changes in the polarized distribution of proteins and or lipids will have 
functional consequences, we aimed to study whether age-associated polarity defects 
occur during the physiological aging process. A decline in brain performances, e.g. 
learning and memory  is commonly  associated with aging. Neuron death, which ac-
counts for the functional decline in neurodegenerative disorders, is restricted in nor-
mal aging and unlikely  to account for the age-dependent decay of brain function [79]. 
Neurological equivalents of the functional decline in normal aging are ill defined and 
the mechanisms that trigger or govern this decline remain elusive. Recently, it has 
been shown that in mammals, axonal and dendritic microtubule binding proteins are 
redistributed with age and trigger alterations in axonal transport [4-6]. But the ques-
tion whether cell polarity  in general or the polarized distribution of cellular compo-
nents changes or shows signs of impairment in the aging central nervous system 
(CNS) and may contribute to the age-associated decline of brain performance has 
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not been addressed previously. Therefore the second objective of the present work is 
to analyze whether or not axonal proteins remain polarily  distributed in neurons of the 
aged brain, by the use of a comparative screen for the localization of transgenic pro-
teins in young and aged individuals.
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4. Materials and Methods
4.1. Drosophila lines and fly husbandry
Transgenic lines carrying 201YGal4, UASp-Aplip1.EGFP, UAS-Cac1-EGFP, 
UAS-Khc.EGFP, UAS-mCD8::GFP, UAS-mTau-GFP, UASp-YFP.Rab3, 
UAS-Syt.eGFP, and UAS-unc-104.GFP were obtained from the Bloomington Droso-
phila stock center. UAS–DenMark lines were kindly  provided by  Bassem Hassan and 
UAS-GFP.gpi lines were obtained from Suzanne Eaton. UAS-ROBO1-eGFP/TM6b, 
UAS-ROBO2-eGFP/Cyo and UAS-ROBO3-eGFP/Cyo lines were a gift from Yasushi 
Hiromi and UAS-brp.GFP,UAS-lacZ/TM6 line was kindly provided by Patrik Verstre-
ken. pUAS-eGFP-HA-synj was donated by Thomas L. Schwarz. All flies were raised 
on standard fly food at room temperature and aging flies were transferred every three 
days into a fresh vial.
4.2. Genetic manipulation
For targeted gene expression we used the binary Gal4-UAS system [77]. In our ex-
periments we used 201Y-Gal4, which expresses Gal4 specifically  in γ and the core of 
α/β  lobe mushroom body  neurons [54,80]. Flies of the genotype: 201YGal4/Cyo; 
UAS-DenMark/TM3 were created to allow simple breeding of flies that express Den-
Mark and the candidate protein of interest in the mushroom bodies, by the means of 
crossing these flies to lines that carry an UAS insertion of a protein of interest fused 
to a green fluorescent protein. 
4.3. Immunohistochemistry
Fly brains were dissected in Phosphate Buffer Saline (PBS) and fixed by incubation 
in 3,7 % Formaldehyde in PBS containing 0,1 % Triton (PBT) for a maximum of 15 
minutes. After fixation, brains were washed three times, once directly and two times 
for 10 minutes in PBT. Subsequently  the brains were incubated for 60 minutes at 
room temperature in protein blocking solution Pax-DG (5% Normal Goat Serum, 
1%Bovine Serum Albumin, 0,1% Deoxycolate, 1 % Triton X-100 in PBS), followed by 
overnight incubation at 4°C in primary antibody solution containing mouse anti-GFP 
monoclonal 3E6 from Invitrogen(1:500) and rabbit anti-dsRed polyclonal from Clon-
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tech (1:500) in Pax-DG. For detection of endogenous Bruchpilot the antibody solution 
was prepared, using mouse anti-Bruchpilot (nc82, 1:100) (generated by A. Hofbauer 
[81] ) and rabbit anti-dsRed polyclonal from Clontech (1:500). After incubation with 
the primary  antibodies, the brains were washed once directly and four times at room 
temperature for 15 minutes. Primary antibodies were detected by incubation with ap-
propriate fluorescently tagged secondary antibodies (Invitrogen) diluted 1:500 in 
PaxDG for two hours at room temperature. Before mounting, the brains were washed 
once directly and four times for 10 minutes. 
4.4. Microscopy and image processing
Confocal microscope image acquisition was performed either with a Olympus Fluo-
View FV1000 confocal laser-scanning system or a Nikon A1R confocal laser-
scanning system. If not indicated otherwise, images were acquired with a 40 x oil ob-
jective using optimal setting for a maximal signal to noise ratio. Confocal stacks of 
immunostained brains were recorded at 1µm distance and projection images were 
generated with ImageJ 1.44a.
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5. Results 
In order to determine whether proteins are polarily  distributed to the axon and main-
tain their specific localization with aging, we monitored the distribution of exogenous 
proteins (candidate proteins) in the mushroom bodies (MB) of young and aged flies. 
Candidate proteins fused to green fluorescent proteins were specifically  expressed in 
subsets of MB neurons, the so called Kenyon cells, by the use the Gal4-UAS system 
[54,77] and the GFP signal was amplified by staining with GFP antibodies. Subcellu-
lar localization of candidate proteins was examined in whole-mount brains by  high 
resolution confocal microscopy and determined for two age groups, representing 
young and aged flies. Young flies were three to seven days posteclosion. Aged flies 
had an age of 35 to 45 days, when most of the initial population is still alive, but can 
be considered reasonably old. Although the compartmentalization of MB neurons has 
been determined [41], we used a newly developed, genetically encoded dendritic 
marker, DenMark, to distinguish axons and dendrites. DenMark is a transgenic fusion 
protein of the mammalian protein Telencephalin/ICAM5 and the red fluorescent pro-
tein mCherry, which can be easily expressed by the use of the Gal4-UAS system 
[78]. DenMark preferentially  localizes to the dendritic domain of Drosophila neurons 
[78] and its co-expression with fluorescent labelled candidate proteins simplified the 
evaluation of the subcellular localization of each candidate. 
5.1.  Expression of transgenic proteins remains stable in γ lobe 
neurons of aged flies
Previous analysis using P[GAL4] enhancer-trap approach for GAL4 directed!
expression of either β-galactosidase (β-gal) or UAS-mCD8::GFP showed that 201Y 
driven expression majorly  occurs in γ and core of α/β lobe neurons of larvae and 
young flies [54,80]. We considered this selective expression in a subset of MB neu-
rons beneficial for our approach, as α/αʻ, β/βʻ and γ lobe frequently overlap in confo-
cal sections, impeding the evaluation of protein localization. Detailed analysis of 
201Y driven β-gal expression revealed that in some occasional older individuals (6 
weeks posteclosion) 201Y driven expression of β-gal leads to a “normal” staining of 
the γ lobe neurons, but a complete absence of the staining in α and β lobe neurons 
[54]. To test whether expression of transgenic proteins with the Gal4-UAS systems 
29
persists during aging with the selected 201Y Gal4 driver and to validate previous find-
ings, we expressed UAS-mCD8-GFP, an ubiquitous membrane marker that strongly 
labels neuronal processes, in the MB of young and aged flies.
Young flies. 201Y driven expression of mCD8-GFP was majorly observed in the 
core of α, β lobe and γ lobe neurons, while being absent from αʻ and β` lobe neu-
rons. In consistency with previous reports, mCD8-GFP homogeneously labeled cell 
bodies, dendrites and axons of these clonally  derived subsets of MB neurons [61], 
revealing the particularities of MB architecture, as can be seen in Figure 6A.
Aged flies. Expression of mCD8-GFP in γ lobe neurons of aged flies remained un-
changed, exhibiting an intense fluorescent signal in all subcellular compartments. 
Expression in α and β lobe neurons was notably  reduced or completely  diminished in 
some of the aged individuals, indicating a variation in 201Y expression pattern during 
the lifetime of the adult. Regardless of the variation in α and β lobe neurons, 201Y 
driven expression was persistent in γ lobe neurons of aged flies and appeared to be 
reasonably stable. No aberrations, such as protein aggregates or morphological al-
terations, as a consequence of persistent or excessive overexpression could be ob-
served. Hence we decided to continue the present study with this driver, focusing 
subsequent observations of protein localization on γ lobe neurons, as indicated in the 
scheme to the right in Figure 6A and 6B.
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Figure 6: Expression of mCD8-GFP in the MBs young (A) and aged flies (B)
(A) mCD8-GFP extensively labeled α, β lobe and γ lobe neurons of the MBs in young individuals. (B) mCD8-GFP 
was notably diminished and occasionally completely absent from α and β  lobe neurons of aged flies. Thus, we 
based subsequent observations of the localization of candidate proteins primarily on γ lobe neurons. The Geno-
type of the brains is 201Y Gal4;UAS-DenMark/UAS-CD-8 GFP 
Schemes in the lower right corner: Preferential localization of mCD8-GFP in the mushroom bodies is indicated in 
bright green. As we based our observations of protein localization on γ lobe neurons, localization in α  lobe neu-
rons is not indicated.
5.2.  Membrane proteins
A hallmark of neuronal polarity is the differential localization of membrane proteins to 
axons or dendrites. Hence, four fluorescently labelled exogenous membrane pro-
teins, of previously  shown axonal polarization, were chosen to determine whether the 
polarized distribution of membrane proteins is maintained upon aging.
5.2.1. Robo proteins
Roundabout (Robo) proteins are integral transmembrane receptors, belonging to the 
immunoglobulin superfamily. All three members of the Robo protein family in flies, 
A
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namely Robo1, 2 and 3, are highly  conserved axon guidance receptors, involved in 
proper midline crossing of commissural neurons in the spinal cord [82]. During devel-
opment surface expression of the Robo1, 2 and 3, is highly spatiotemporarly  regu-
lated and recent studies in rats showed a persistent basal expression of Robo and its 
ligands postnatally and even in adulthood [83,84]. Persistent expression of Robo pro-
teins in flies has not been studied yet. However, in Drosophila, native and transgenic 
UAS constructs of eGFP-tagged Robo proteins (Robo-eGFP) were shown to selec-
tively localize to distinct parts of the axon [71]. For their highly reliable axonal local-
ization, the three exogenous hybrid proteins of the Robo receptors and eGFP, namely 
Robo1-eGFP, Robo2-eGFP, and Robo3-eGFP were expressed in the MB for monitor-
ing the polarized distribution of transmembrane proteins in dependence of age. 
5.2.1.1. Relocation of Robo1-eGFP localization to dendrites with 
age
Young flies.  Robo1-eGFP signal was majorly detected in the axons of MB neurons, 
whereas only  a minor signal was abundant in dendrites and the cell body. Contrasting 
previous reports of Robo1-eGFP localization in vitro, no preferential localization to 
the proximal part of the axon could be observed, but as the authors stated for larval 
commissual neurons, localization of transgenic Robo proteins might be less restricted 
in vivo [71]. However, our data indicates a preferential, uniform localization of Robo1-
eGFP to the axon in the MBs of young flies (Figure 7A).
Aged flies. Robo1-eGFP signal was preferentially detected in dendrites of aged indi-
viduals, whereas it was notably reduced in axons. Contrasting the findings in young 
flies, this observation indicates a shift in the axonal to dendritic ratio, with an increase 
in the dendritic fraction of the protein. This relocation of the signal pattern points to a 
change in the distribution of Robo1-eGFP, from a preferentially axonal localization in 
the young to a primarily dendritic localization in the old (Figure 7B). 
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Figure 7: Localization of Robo1-eGFP in the MBs young (A) and aged flies (B) 
(A) Robo1-eGFP preferentially localized to the axonal compartment in the MBs of  young flies and was weakly 
detected in dendrites. (B) Robo1-eGFP preferentially localized to dendrites in aged flies and was notably reduced 
in axons, suggesting a redistribution of the protein with age. Note the complete absence of Robo1-eGFP from α 
and β lobe neurons in aged flies. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Robo1-eGFP. 
Schemes in the lower right corner: Preferential localization of  Robo1-eGFP is indicated in bright green and minor 
localization in faint green.
5.2.1.2.  Preferentially axonal localization of Robo2-eGFP is 
maintained with age
Young flies. Robo2-eGFP was detected selectively in the axons of MB neurons, 
while it was completely absent from the cell bodies and dendrites. Robo2-eGFP sig-
nal appeared equally strong in distal (lobe) and proximal (peduncle) parts of the ax-
ons. But considering the highly  concentrated array of axons in the peduncle, which 
diverge at the heel region and form the more lose network of axons in the γ lobe, it 
can be reasonably assumed that Robo2-eGFP is rather concentrated in the distal 
part of the axons, as an equally strong signal was detected in the lobes as in the pe-
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duncle, although it contains fewer and more dispersed axons. Thus, Robo2-eGFP 
was polarily  distributed to the axon with a preference for the distal part of the axon, 
corresponding to previous findings of Katsuki et al. in cultured Drosophila neurons 
[71].
Aged flies.  As in young individuals, Robo2-eGFP signal remained selectively local-
ized to the axon, with a minor leakage of the signal in the central part of the den-
drites. The preferential localization to the distal part of the axon was less evident than 
in young flies, which can be contributed to the general increase of the signal as a 
consequence of persistent expression over the life time of the fly. The major pattern 
of Robo2-eGFP localization was maintained in aged flies, indicating no changes in 
the preferentially axonal localization of Robo2-eGFP with age.
Figure 8: Localization of Robo2-eGFP in the MBs young (A) and aged flies (B)  
(A) Robo2-eGFP exclusively localized to the axonal compartment with a concentration in distal parts of the axons 
in the MBs of  young flies. (B) In aged flies, Robo2-eGFP remained preferentially localized to the axons and minor 
concentrated in distal parts. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Robo2-eGFP. 
Schemes in the lower right corner: Preferential localization of Robo2-eGFP is indicated in bright green and spe-
cific concentrations are shown in dark green.
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5.2.1.3. Rearrangement of Robo3-eGFP localization with age 
Young flies. In young individuals, Robo3-eGFP was primarily  detected in the axons 
of MB neurons, while being completely absent from dendrites and cell bodies. In 
some occasional brains, a minor Robo3-eGFP signal was evident in dendrites. Over-
all the signal pattern resembled Robo2-eGFP signal, but appeared less restricted to 
the distal part of the axon. Nevertheless, Robo3-eGFP fluorescence was slightly  in-
creased in the most distal part of the axons, suggesting in accordance with previous 
reports, a preferential localization to distal parts of the axon in young flies (Figure 9A) 
[71]. This preferential localization of Robo2-eGFP and Robo3-eGFP to distal parts of 
the axon in young flies contrasts the uniformly axonal localization of Robo1-eGFP 
and might indicate that Robo2-eGFP and Robo3-eGFP indeed selectively localize to 
certain parts of the axon in the early stages of adulthood.
Aged flies. Compared to young flies, Robo3-eGFP signal was strongly  detected in 
the most proximal part of the axons, equaling the onset of the peduncle, and den-
drites. Fluorescence in the shaft of the axons was notably diminished or completely 
absent, whereas a weak signal was abandoned in the most distal part of the axons, 
the tips of the γ lobe. Excessive leakage into the dendrites was observed, apparent 
as discrete, intense spots within the dendritic cloud. Only a weak diffuse signal was 
present, as to be seen for the dendritic marker, indicating an aggregation of the pro-
tein in dendrites. In summary, Robo3-eGFP localization was found to be dramatically 
rearranged in aged individuals, changing its rather uniform axonal localization with a 
slight increase in distal parts in the young to an preferential localization to proximal 
parts of the axons and dendrites in the old (Figure 9B). These observations indicate 
age-dependent alterations in the localization of Robo3-eGFP.
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Figure 9: Localization of Robo3-eGFP in the MBs young (A) and aged flies (B) 
(A) In the MBs of young flies,. Robo3-eGFP preferentially localized to the axons with an minor concentration in 
distal parts. (B) Robo3-eGFP was notably redistributed in the MB of aged flies, as it preferentially localized to 
dendrites and proximal parts of the axons. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Robo3-
eGFP.  
Schemes in the lower right corner:  Preferential localization of Robo3-eGFP is indicated in bright green,  specific 
concentrations in dark green and minor localization in bright green.
5.2.2. Uniform distribution of GFPgpi in the mushroom bodies of 
young and aged flies
A frequently found posttranslational modification for tethering proteins to the outer 
leaflet of the plasma membrane is the addition of a glycosyl phosphatidylinositol 
(GPI) anchor. Dotti and colleagues showed the targeting of GPI-anchored proteins to 
the axonal domain of primary hippocampal neurons in culture [85] and several en-
dogenous GPI-linked proteins display a conserved axonal polarization in flies and 
mammals, including certain isoforms of Acetylcholinesterase and the cell adhesion 
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molecule Fascilin I [86].Direct evidence for axonal targeting of GPI-anchored proteins 
in Drosophila is still missing, but it has been demonstrated that a transgenic GPI-
linked UAS-GFP reporter construct, as well as GPI- linked endogenous proteins pref-
erentially localize to specialized micro domains within the plasma membrane, so 
called lipid rafts [87]. Lipid rafts are sterol and sphingolipid rich domains that are 
known to be crucially  involved in axonal trafficking of proteins  [88], potentially indi-
cating axonal targeting of GPI-anchored proteins in Drosophila neurons. To test 
whether GPI-anchored proteins are axonally polarized in Drosophila neurons and 
whether this potential localization is maintained with age, a chimeric protein consist-
ing of GFP with a C-terminally attached GPI-anchor (GFPgpi) was chosen as a rep-
resentative candidate for studying the localization of GPI-anchored proteins in young 
and aged flies.
Young flies. GFPgpi signal was uniformly  distributed in the membrane of the MB 
neurons of the young age group and extensively labelled cell body and neuronal 
processes. No preferential localization to any subcellular compartment could be ob-
served, as to be seen in (Figure 10A). In addition to the extensive staining of the 
MBs, GFPgpi was detected in an extrinsic brain structure, the outer ring of the ellip-
soid bodies, where the signal appeared to be even stronger than in the MBs. Com-
monly, detection of the Gal4-expressed proteins in extrinsic brain structures points to 
a basal, Gal4 independent expression of the given UAS-insertion. Hence, we exam-
ined whether GFPgpi is expressed at a basal level in the absence of Gal4 in the brain 
of young flies that carried solely  the genomic UAS insertion of GFPgpi. Surprisingly, 
no expression of GFPgpi was detected in the ellipsoid bodies, but in the MB them-
selves, indicating that the UAS-GFPgpi insertion might be located in the proximity of 
a mushroom body specific promoter, which leads to the expression of GFPgpi in the 
absence of Gal4. Even if not detected in the ellipsoid bodies, the possibility  remains 
that GFPgpi is expressed in the ellipsoid bodies below the necessary  levels of detec-
tion, which seems rather unlikely judging from the high levels, detected in the pres-
ence of the mushroom body specific Gal4 driver. Expressed at basal levels, in the 
absence of the Gal4 driver, GFPgpi signal uniformly localized to cell bodies, den-
drites and axons, suggesting a uniform distribution of GFPgpi in the MB of young 
flies, regardless of expression levels.
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Aged flies. As in the young age group, GFPgpi remained rather uniformly distributed 
in the MB (Figure 10B), with a general increase of the fluorescent signal in all subcel-
lular compartments. GFPgpi signal appeared to become slightly enriched in proximal 
axons of the peduncle, but as proximal axons are highly concentrated in this area, 
this is unlikely  to represent a significant concentration of GFPgpi in proximal axons 
and might be result of the general increase of the fluorescent signal. No fluorescent 
signal was abandoned in the ellipsoid bodies of aged flies, contrasting the observa-
tion in the young. Except for its absence in the ellipsoid bodies, GFPgpi appeared to 
remain homogeneously distributed in the membrane of MB neurons, suggesting no 
alterations in the distribution of this protein.
Figure 10: Localization of GFPgpi in the MBs young (A) and aged flies (B)  
(A) GFPgpi was uniformly distributed to axons, dendrites and cell body in the MBs of young flies. Additionally, 
GFPgpi was present in the outer ring of the ellipsoid bodies, indicated by the white arrows between the two MB 
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hemispheres.  (B) In aged flies, GFPgpi remained uniformly distributed in the MB, whereas it was absent from the 
ellipsoid bodies. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-GFPgpi. 
Schemes in the lower right corner: Preferential localization of GFPgpi is indicated in bright green.
5.3. Microtubule associated protein 
Considering the organization of the microtubule cytoskeleton, neuronal polarity is re-
flected in the distinct localization of microtubule associated proteins (MAPs) to axons 
or dendrites [89]. Therefore we selected a well known MAP protein with reported ax-
onal localization to monitor potential changes in the polarized distribution of axonal 
MAP.
5.3.1. Mouse Tau protein mislocalizes in Drosophila neurons
Tau proteins are microtubule associated proteins [90] with six identified Tau protein 
isoforms in mammals and one identified homolog in Drosophila [91,92]. Tau proteins 
are highly enriched in the nervous system, whereas they are less abundant in non-
neuronal cells. The major function of Tau is the modulation of the stability of axonal 
microtubules [91,93] and activity, as well as localization of Tau proteins is regulated 
by phosphorylation at several residues. Dephosphorylated, microtubule binding Tau 
(dephospho-Tau) is not present in dendrites and is mainly active in the distal part of 
the axons, where it stabilizes microtubules and reduces catastrophe events in mam-
malian cells [91,93]. Dephospho-tau is well established axonal markers in mammal-
ian cells and has been used for the same purpose in Drosophila, although controver-
sial results have been obtained for the localization of exo- and endogenous Tau pro-
teins. Tagged versions of mammalian Tau proteins have been proposed to preferen-
tially localize to the axon of Drosophila neurons [41,49], although some reports sug-
gest additionally a dendritic localization [40,94].
Young flies.  We detected an intense signal of GFP-tagged mouse Tau (mTau-GFP) 
in the cell body, dendrites and proximal axons of MB neurons in young flies. Hardly 
any signal could be detected in distal axons, suggesting a preferential localization of 
mTau-GFP to the somatodendritic compartment and the proximal axon. The strong 
signal in proximal axons corresponds to the findings of Rolls and colleagues, who 
claimed that bovine Tau-GFP preferentially labels proximal axons, but the lower in-
tensity  in dendrites described by the authors could not be observed, therefore we can 
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not assert their findings [41]. But it has to be noted that the authors claimed in a later 
review an axonal and dendritic localization of bovine Tau, based on the same results 
[40].
Localization of mTau-GFP could not be determined in the aged brain, because its 
expression in the MBs led to an early decrease of fitness and a precocious mortality 
20-25 days posteclosion. Considering the lethality  of mTau-GFP expression, it is 
doubtful that the observation of mTau localization in young flies represents the distri-
bution of endogenous Drosophila Tau protein. 
Figure 11: Localization of mTau-GFP in the MBs young flies 
(A) 20x overview of mTau-GFP localization in the MBs of young flies. mTau-GFP preferentially localized to the 
somatodendritic compartment, whereas it only minor localized to distal parts of the axons. (B) Close up view of 
the left MB with 60x objective. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-mTau-GFP. 
Schemes in the lower right corner: Preferential localization of mTauGFP is indicated in bright green and minor 
localization in faint green.
5.4. Motor proteins and adaptors 
Microtubule (MT)-binding motor proteins and associated adapter proteins are essen-
tial for the generation and maintenance of neuronal polarity, as they provide the key 
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mechanism for polarized trafficking of proteins and other subcellular components re-
quired for axonal and dendritic function. A plethora of motor proteins and associated 
adaptors for anterograde axonal transport has been identified, which were shown to 
selectively localize to the axonal compartment [95-99]. To determine whether motor 
proteins and adaptors preferentially localize to the axon of Drosophila MB neurons 
and if this distribution is maintained with age, we monitored the distribution of an ex-
emplary  GFP-tagged motor and adaptor protein for anterograde axonal transport in 
young and aged flies. Attempts have been made to monitor the localization of kinesin 
heavy chain (khc), a core component of kinesin 1, the primary  motor for anterograde 
axonal transport [100]. But in accordance to previous reports regarding its expression 
with a pan-neuronal driver [Cook and Estes, 2006, Personal Flybase communica-
tion], expression of Khc-eGFP in the MBs was lethal and we could not assess the lo-
calization of Khc-eGFP in the MBs.
5.4.1.  Anterograde microtubule-binding motor protein Immacu-
late connections maintains its axonal localization with age 
Immaculate connections (Imac; FlyBase name unc-104) is a recently discovered 
member of the kinesin type 3 family, which shows significant homology to kinesin 
type 3 family members in other species, such as Unc-104 in Caenorhabditis elegans 
and Kif1a and Kif1bβ in mice [101,102]. Imac is a highly specific motor protein, selec-
tively required for the anterograde transport of presynaptic components to the axon 
[101,102]. This squares with the previously reported localization of endogenous Imac 
and Imac-GFP to the axon of Drosophila motor neurons and near synapse rich re-
gions of the brain [101,102].
Young flies. In the young stage, Imac-GFP was detected exclusively  in the main ax-
onal tracts, corresponding to the peduncle and the lobes (Figure 12A). Imac-GFP 
signal was specifically enriched in axon terminals, corresponding to the bulbs of the 
MB lobes and decreased in the axons with proximity  to the somatodendritic com-
partment. Moreover it was slightly enriched in the heel region, which has previously 
been reported to harbor synaptic contact sites of MB neurons with extrinsic neurons 
[62,103]. Our observations indicate that Imac-GFP preferentially  localizes to the axon 
in the MBs of young flies with an enrichment in axonal terminals and correspond to 
the previously reported localization of endogenous Imac and Imac-GFP to the axon 
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of Drosophila motor neurons and near presumably synapse rich regions of the brain 
[101,102].
Aged flies. In comparison to the young stage, a general enrichment of Imac-GFP in 
the distal proportion of the axons was observed. Fluorescence in the proximal axons 
(peduncle) had decreased compared to young flies and the enrichment specifically in 
the terminals of the axons was more pronounced. A negligible signal in the dendrites 
was detected, which can be contributed to the persistent Gal4-driven expression of 
Imac-GFP and thus excessive protein levels. Overall, no substantial alterations in the 
distribution of Imac-GFP were observed in aged flies (Figure 12B), suggesting that 
there are no alterations in the polarized behavior of this protein.
Figure 12: Localization of Imac-GFP in the MBs young (A) and aged flies (B)  
(A) In young flies, Imac-GFP selectively localized to axons with an enrichment in axon terminals of the bulb and 
the heel region. (B) Imac-GFP maintained its preferentially axonal localization and remained enriched in the bulb 
and at the heel region. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Imac-GFP. 
Schemes in the lower right corner: Preferential localization of  Imac-GFP to the axonal compartment is indicated in 
bright green and concentration in the bulbs and at the heel are shown in dark green.
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5.4.2.  Motor protein associated adapter protein APP-like-
protein-interacting-protein I remains preferentially localized to 
axonal terminals with age
App-like-protein interacting-protein 1 (Aplip1) is a neuronally expressed Drosophila 
homolog of the mammalian Janus Kinase (JNK) scaffolding protein 1, JIP1 [97]. JIP 1 
and its homologs have been shown to act as physical linkers between Kinesin 1 and 
different types of anterograde transported vesicles, including App (or App-like protein 
in Drosophila) or synaptobrevin containing vesicles in the axon of cultured neurons 
[104,105]. Furthermore, Aplip1 has been implicated to be involved in the regulation of 
retrograde mitochondrial transport [97]. Jip1, the mouse homolog of Aplip1, has been 
shown to localize to the axonal compartment [106] and transgenic Aplip1 proteins 
seem to primarily localize to the axon of cultured Drosophila neurons [97].
Young flies. Aplip1-eGFP was selectively  detected in the most distal part of the 
axon, that is the tips or bulbs of the lobes (Figure 13A). Aplip1-eGFP signal was ab-
sent from all other subcellular compartments of the MBs. In consistency with previous 
reports [97], the highly distinct signal of Aplip1-eGFP in the distal part of MB axons 
suggests that Aplip1-eGFP selectively localizes to the most distal part of the axons, 
corresponding to axon terminals.
Aged flies. Aplip1-eGFP signal remained highly  selectively  localized to axon termi-
nals in the MB lobes, although the signal appeared slightly more dispersed over the 
distal shaft of the axons, corresponding to the lobes (Figure 13B). Overall, no signifi-
cant changes in the distribution of Aplip1-eGFP with age were observed, suggesting 
that the distinct localization of Aplip1-eGFP is maintained with age.
Overexpression of the same UAS-insertion in motor neurons was reported to cause 
100% lethality during late larval and pupal development [97] and expression of 
Aplip1-eGFP in a different type of neurons (LNv neurons, results not shown) lead to a 
complete disruption and degeneration of these neurons in the adult. No such degen-
erated phenotype was observed with the 201Y driver. This might indicate that 201Y-
driven expression is less strong or that 201Y neurons are less susceptible to the 
overexpression of Aplip1-eGFP.
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Figure 13: Localization of Aplip1-eGFP in the MBs young (A) and aged flies (B)  
(A) Aplip1-eGFP specifically localized to the bulbs of the lobes in the MBs of young flies. (B) In aged individuals, 
Aplip1-eGFP remained highly concentrated in the bulb, but appeared slightly more dispersed over the shaft  of the 
lobes. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Aplip1-eGFP. 
Schemes in the lower right corner: Preferential localization of Aplip-eGFP is indicated in bright green and minor 
localization in bright green.
5.5.  Presynaptic proteins
An important characteristic of neuronal polarization is the differential localization of 
synaptic constituents to axonal or somatodendritic domains [2,40,107,108]. Pre-
synaptic proteins, such as voltage gated ion channels, scaffolding proteins and syn-
aptic vesicle proteins are selectively  targeted to the axonal compartment and cluster 
in specialized axonal microdomains, forming the presynapse, respectively active 
zone [2,107-109]. The polarized distribution of presynaptic proteins is crucial for the 
functional integrity of synapses and of irreplaceable importance for neuronal function. 
Thus, we examined the polarized distribution of presynaptic proteins in the MBs and 
its maintenance with age by virtue of monitoring the distribution of fluorescently 
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tagged integral presynaptic active zone proteins and synaptic vesicle associated pro-
teins in young and aged flies.
5.5.1.Active zone Proteins 
5.5.1.1. Bruchpilot localizes to the cell body and dendrites and 
becomes enriched in axons with age
Bruchpilot (Brp), german for „crash pilot“ is a member of the conserved CAST (CAZ-
associated structural protein)/ERC (ELKS Rab3- interacting protein CAST) protein 
family [110]. Like most members of the CAST/ERC family. Brp  is a structural protein 
that localizes to the active zone (AZ) of the presynapse [109-111] and was shown to 
be a direct, but not integral component of electron dense centers of the active zone, 
so called T-bars [109]. Brp  is thought to act as „gatekeeper“, for the assembly  and 
organization of the active zone, where it facilitates the clustering of voltage gated cal-
cium channels (Ca2+-channels), by interaction with the α1 subunit of the voltage 
gated Ca2+-channels, Cacophony [109-112]. It is present at all synapses in the nerv-
ous system of Drosophila and frequently used as a presynaptic marker for cytological 
studies. 
Young flies. Brp-GFP was strongly expressed in the MBs of young flies, intensively 
labeling cell bodies, dendrites and axons. The strongest signal was detected in the 
cell bodies, where Brp-GFP appeared to accumulate in the cytoplasm or nucleus, as 
the signal pattern was different from membrane proteins, such as mCD8-GFP (Figure 
6A and B). Brp-GFP was strongly detected in the center of the dendrites, but less 
abandoned in distal arbors. Apart from the strong signal in the cell bodies and central 
dendrites, Brp-GFP strongly labelled axons and was present all over the length of the 
axonal shaft. This result is surprising, as the MB lobes are considered the major out-
put site of MB neurons [103,113] and hence, should majorly  harbor presynaptic sites. 
The inordinate staining of the cell bodies may indicate an aberrant accumulation of 
Brp-GFP. However, our observations in the MBs of young flies indicate no preferential 
localization of Brp-GFP to either axons or dendrites. Brp-GFP appears to localize to 
both compartments and massively accumulates in the cell bodies (Figure 14A). It 
should be noted that discrete fluorescent signals were observed in other parts of the 
brain, appearing as dispersed, strongly fluorescing dots all over the brain, which re-
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sembled the signal in the cell body area of the MBs and indicate a leaky expression 
of the UAS-insertion in extrinsic brain structures.
Aged flies. Brp-GFP remained to be strongly detected in the cell bodies and axonal 
tracts, whereas it was depleted from dendrites (Figure 14B). Compared to the young 
stage, Brp-GFP signal in cell bodies and dendrites was remarkably reduced, while it 
increased in the axons. A remote redistributed in the axon was observed, as Brp-GFP 
strongly labelled distal segments of the axons in the lobes, while being almost com-
pletely  absent from proximal segments of the axons. Nevertheless, no preferential 
localization to axonal terminals in the tips of the lobes could be observed. In sum-
mary, Brp-GFP appeared to preferentially localize to more distal parts of the axons in 
the MB of aged flies, but remained to be present in the cell bodies. The increase in 
axons compared to dendrites suggests age-dependent changes in the distribution of 
Brp-GFP, manifested by an enrichment in the axonal compartment. Whether this can 
be considered an intrinsic property of Brp protein in the MBs is questionable, as ex-
cessive levels of Brp-GFP might have caused a mislocalization or aggregation of the 
protein in the cell bodies and adjacent dendrites, most pronounced in young flies.
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Figure 14: Localization of Brp-GFP in the MBs young (A) and aged flies (B)  
(A) Brp-GFP massively accumulated in the cell bodies and was equally distributed to the center of the dendrites 
and axons in the MBs of young flies. (B) Brp-GFP preferentially  localized to distal axons within the MB lobes in 
aged flies. It  is depleted from dendrites and notably reduced in the cell bodies and proximal parts of the axons. 
The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Brp-GFP. 
Schemes in the lower right corner: Preferential localization of Brp-GFP is indicated in bright green.  Increased 
concentrations of Brp-GFP are shown in dark green and minor localization in bright green.
5.5.1.2.  Endogenous Bruchpilot localizes to distal axons in 
young flies
In order to determine whether the above described detection of Brp-GFP in dendrites 
and cell bodies of MB neurons reflects the localization of endogenous Brp, we 
stained brains of young flies with Brp antibodies. Additionally we expressed mCD8-
GFP and DenMark to trace the shape of the MBs and determine the subcellular local-
ization of endogenous Brp.
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Young flies. In contrast to Brp-GFP, no endogenous Brp  was present in the cell bod-
ies of MB neurons in young flies. In the dendrites, a dense pattern of discrete fluo-
rescent dots was present, which most likely correspond to the large synaptic buttons 
of extrinsic projection neurons (PN), which form extensive synaptic connections with 
the dendrites of MB neurons in the calyx. Brp staining did not appear to colocalize 
with DenMark nor mCD8-GFP in the MB dendrites (Figure 15 D-G). At the base of 
the dendrites, in the transition to the axons, Brp staining appeared to colocalized with 
both mCD8-GFP and DenMark. The compartmental identity of this segment is difficult 
to assess, but has been proposed to harbor the axon initial segment [41]. No Brp was 
detected in proximal axons of the peduncle, but homogeneously  labelled the distal 
shaft of the axons from the heel region on (Figure 15 A-C). A slight concentration of 
the signal was observed in the tips of α and aʻ lobes, suggesting an concentration of 
Brp in axon terminals of α and αʻ lobe neurons. Localization to the tips of γ or β  lobe 
could not be determined, as the signal was partially  superimposed by signals from 
overlying brain structures. Taken together, endogenous Brp appeared to localize 
preferentially  to distal parts of the axon in young flies. It was absent from the cell 
body and presumably dendrites, suggesting that the localization of Brp-GFP to these 
compartments in the MBs of young flies was an artifact of Gal4-driven expression. 
Except for the accumulation of Brp-GFP in the cell bodies, the distribution of endoge-
nous Brp majorly resembled the distribution of Brp-GFP in aged flies.
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Figure 15: Localization of endogenous Brp in the MBs young flies 
(A) Composite confocal image of of the paired MBs, stained with Brp-antibody nc82 (blue), DenMark (red) and 
mCD-8-GFP 8 (green). (B) Partial composite confocal image of the MB lobes. mCD8-GFP (green) traces the 
shape of the MBs and colocalized with Brp in the MB lobes.  (C) Single channel confocal image of Brp (blue) stain-
ing in the MB lobes. The shape of the horizontal α/αʻ and the vertikal γ lobe is outlined in red and β/βʻ lobe in 
blue. Brp was abandoned over the whole shaft of the MB lobes and was concentrated in the bulbs of the α/α  ʻ 
lobes,  corresponding to axon terminals. Images A-C were obtained with an 40x oil objective. Schemes in the 
lower right corner: Preferential localization of endogenous Brp-GFP is indicated in bright green. For consistency 
the localization to the α/αʻ lobe is not indicated,  as we based our observations of the localization of candidate pro-
teins on the γ lobe. (D) Composite confocal image of the MB calyx, stained with Brp-antibody nc82 (blue), Den-
mark (red) and mCD-8-GFP 8 (green) revealed no colocalization of Brp with mCD8-GFP or DenMArk in the calyx. 
(E-G) Single channel composite confocal images of Brp (blue, B),  mCD8-GFP (green, C) and DenMark (red, D). 
The intense punctuated pattern of  Brp in the dendritic MB calyx most likely corresponds to the large synaptic bou-
tons of extrinsic PNs. Images were obtained with an 60x objective and 3-fold zoom. The Genotype of the brain is 
201Y Gal4;UAS-DenMark/UAS-mCD8-GFP.
5.5.1.3.  Bruchpilot interaction partner Cacophony is homoge-
neously distributed in young and becomes axonally enriched 
with aged
Cacophony (Cac) gene encodes α1 subunit of presynaptic voltage gated Ca2+-
channels [114] and is the only  homolog of vertebrate α1 subunits of presynaptic N 
and P/Q type voltage gated Ca2+-channels in the Drosophila genome [115]. All volt-
age gated Ca2+-channels in Drosophila are composed of one α-subunit (Cac), auxil-
iary β and α2d subunits [115].These voltage gated Ca2+-channels are crucial for 
chemical synaptic transmission and mediate calcium influx required for evoked neu-
rotransmitter release [116-118]. Endogenous Cac and a transgenic UAS-construct 
composed of Cac fused to eGFP were shown to localize to the presynaptic active 
zone at the larval neuromuscular junction [119-121].
Young flies. Cac-eGFP was strongly detected in the cell bodies and rather homoge-
neously distributed to dendrites and axonal tracts (Figure 16 A). The strong signal in 
the cell bodies indicates, a strong expression of Cac-eGFP in the MBs, which may 
have resulted in an aberrant accumulation of the protein in the plasma membrane of 
the cell bodies, as observed for Brp-GFP. Axonal fluorescence of Cac-eGFP ap-
peared to be slightly  stronger in proximal axons of the peduncle than in distal axons 
of the lobe, but the difference can be contributed to the highly concentrated array of 
axons within this region. In sum, Cac-eGFP preferentially localized to the cell body of 
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young MB neurons and was homogeneously  distributed to axons and dendrites. This 
distribution resembles the distribution of Brp-GFP in young flies, which is not surpris-
ing as Brp and Cac were shown to directly interact and colocalize at the neuromuscu-
lar junction [111]. However, the observed distribution of both proteins in the MBs does 
not resemble the localization in Drosophila motor neurons, where both presynaptic 
proteins localize to the axon and cluster at presynaptic sites in axon terminals 
[111,119]. But as we observed notable differences in the distribution of Brp-GFP 
compared to the endogenous protein, it is likely that the distribution of Cac-eGFP 
may not reflect the distribution of the endogenous protein in young flies.
Aged flies. In contrast to young flies, Cac-eGFP signal was preferentially detected in 
the axon of MB neurons, whereas the signal in the cell body and dendrites was di-
minished. In the axons, Cac-eGFP appeared to be uniformly distributed along the 
whole length of the axonal shaft. As for Brp-GFP, no enrichment of this presynaptic 
protein could be observed in axon terminals of the lobes. Considering that the accu-
mulation of Cac-eGFP was a result of excessive Gal4-driven expression, it can be 
assumed that Cac-eGFP preferentially  localizes to the axons of MB neurons in aged 
individuals. Thus, the distribution of Cac-eGFP changed in dependence of age, from 
a rather homogeneous distribution in the young to a preferentially axonal localization 
in the old. These results resemble the age-dependent alterations in the distribution of 
its interaction partner Brp-GFP. Then again, it is disputable to which extent these al-
terations represent the condition of the endogenous protein.
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Figure 16: Localization of Cac-eGFP in the MBs young (A) and aged flies (B)  
(A) In MB neurons of young flies Cac-eGFP, was highly concentrated in the plasma membrane of the cell bodies- 
It  was less abandoned in neuronal processes and uniformly distributed to axons and dendrites.(B) Cac-eGFP 
preferentially localized to the axons of the MBs in aged flies. Compared to young flies, it was notably reduced in 
the cell bodies and dendrites. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Cac-eGFP. 
Schemes in the lower right corner: Preferential localization of Cac-eGFP is indicated in bright green. Increased 
concentrations are shown in dark green and minor localization in bright green.
5.5.2. Synaptic vesicle-associated proteins
5.5.2.1. Synaptotagmin 1 preferentially localizes to distal axons 
in young and becomes enriched in dendrites and proximal ax-
ons with age
Synaptotagmin 1(Syt1) is a member of the widely conserved protein family of Synap-
totagmins, with seven identified family  members in Drosophila and 19 in mammals 
[122]. Syt1 represents the most abundant Ca2+-binding protein present on synaptic 
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vesicles and is considered the major low affinity Ca2+-sensor for synchronous synap-
tic vesicle exocytosis, required for efficient synaptic transmission [122,123]. Addition-
ally, a potential role of Syt1 in vesicle recycling has been proposed [122]. Endoge-
nous Syt1 was shown to accumulate near predicted synapse rich regions in adult 
flies and third instar larvae [124,125]. Due to its high abundance on synaptic vesicles, 
Syt1 is frequently used as a marker for synaptic vesicles or axon terminals.
Young flies.  Syt1-eGFP appeared to be highly expressed in the MBs and was pref-
erentially detected in the major axonal tracts, where it was enriched in distal parts of 
the axons (Figure 17A). Hardly any Syt1-eGFP was detected in the cell bodies and 
only a minor fluorescence was present in the dendritic calyx. Enrichment in distal ax-
ons started at the heel region, where Syt1-eGFP was specifically enriched. It strongly 
labelled the shaft of the lobes and again increased in axon terminals within the bulbs 
of the lobes, where the highest intensity  of Syt1-eGFP was detected. This observa-
tion is consistent with the observed distribution of endogenous presynaptic marker 
Brp, suggesting a proper localization of Syt1-GFP to synaptic vesicles and enrich-
ment near presumably presynaptic sites in distal axons [59,63,64]. Leaky  expression 
of Syt1-eGFP was observed in extrinsic neurons that project to the MB calyx, the pro-
jection neurons (PN). In PN, Syt1-eGFP exclusively localized to axon terminals of 
presumably presynaptic specialization, since PNs are considered to provide major 
input to the MB calyx. The observation that Syt1-eGFP selectively  localized to axon 
terminals in PN could further indicate that excessive Gal4-driven expression levels in 
the MB indeed caused a minor mislocalization of Syt1-eGFP to dendrites. Else, it 
may suggest the presence of non-classical synaptic connections in the MB calyx, as 
proposed by Rolls et al. 2007. But our above described observation that endogenous 
Brp appears to be absent from dendrites contradicts the assumption of Rolls and col-
leagues, as Brp is considered to be an essential component of presynaptic sites in 
the Drosophila nervous system. However, our observation of Syt1-eGFP localization 
in the MBs indicates, that it preferentially localizes to the axon and is enriched in ax-
onal terminals of young individuals, with a negligible localization to dendrites.
Aged flies. Compared to young flies, a general enrichment of Syt1-eGFP signal was 
observed in all subcellular compartments. The abundance of Syt1-eGFP signal in the 
dendritic region of the calyx slightly increased, but a more pronounced increase was 
observed in the axons. Syt1-eGFP signal was most notably increased in distal axons, 
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but the specific concentration in axon terminals and at the heel region is lost. Overall, 
Syt1-eGFP appeared to become enriched in the upper part of the MBs, meaning 
dendrites and proximal axons, compared to young flies. But as Syt1-eGFP signal as 
well increased in distal axons of the lobes, persistent Gal4-driven expression and re-
sulting excessive protein levels are likely to account for the increase in the upper part 
of the MBs. Hence, it is doubtful whether the observed enrichment of Syt1-eGFP in 
dendrites and proximal axons represents notable changes in the distribution of en-
dogenous Syt1 and accordingly synaptic vesicles in the MBs of aged flies. In any 
case, Syt1-GFP remained preferentially localized to the axonal compartment with a 
concentration in distal segments (Figure 17B), reflecting the previously shown con-
centration of Syt1 near synapse rich regions [124,125].
Figure 17: Localization of Syt1-eGFP in the MBs young (A) and aged flies (B)  
(A) In MB neurons of young flies Syt1-eGFP, was preferentially localized to the axonal compartment and was 
concentrated in the heel region and in the bulbs of the lobes. Syt1-eGFP minor localized to dendrites and was 
absent  from cell bodies. Leaky expression of  Syt1-eGFP in PN neurons and its selective localization to MB con-
tacting axon terminals is evident to the left and right of the two MB calyxes. (B) In the MBs in aged flies,  Syt1-
eGFP remained preferentially localized to distal parts of the axons, but  the concentration in the bulbs and at the 
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heel region is lost. Compared to young flies, increased leakage of Syt1-eGFP into the dendrites and the cell bod-
ies was evident. The Genotype of the brains is 201Y Gal4;UAS-DenMark/UAS-Syt1-eGFP. 
Schemes in the lower right corner: Preferential localization of Syt1-eGFP is indicated in bright green. Increased 
concentrations are shown in dark green and minor localization in bright green.
5.5.2.2. Preferential localization of Ras-like protein in rat brain 3 
to the axon is majorly maintained with age.
Ras-like protein in rat brain 3 (Rab3) belongs to the Ras superfamily  of small 
GTPases, which are involved in various aspects of membrane trafficking 
[122,126,127]. One Rab3 gene has been identified in Drosophila [126], while 4 mem-
bers of the Rab3 subfamily  have been identified in mammals, namely  Rab  A, B, C 
and D [127]. Rab3 is highly expressed in neuronal cells of Drosophila embryos [126] 
and is one of the most abundant proteins associated with synaptic vesicles. The pre-
cise function of Rab3 is currently  unknown, but GTP-dependent regulatory functions 
of Rab3 in various aspects of synaptic vesicle exocytosis have been hypothesized, 
including docking, priming and fusion of synaptic vesicles [122,127]. When ex-
pressed by the Gal4 system, YFP tagged Rab3 was found to localize almost exclu-
sively to synaptic terminals of photoreceptors of 3rd instar larvae [126]. Rab3 was 
chosen as a candidate for its reported localization to synaptic terminals in larvae 
[126] and its association with synaptic vesicles, which might allow the validation of 
results, obtained for Syt1. 
Young flies. Rab3-YFP was detected almost exclusively in the axons and only occa-
sionally a weak signal was present in the dendrites (Figure 18A). It was relatively 
homogeneously distributed along axons, with a minor increase in the heel region of 
the terminating peduncle and the axonal terminals in the bulbs of the MB lobes. An 
increase in the heel region and axon terminals was observed for all proteins involved 
in axonal trafficking of synaptic vesicles, resp. Syt1-eGFP and Imac-eGFP. However, 
overall our observations suggest a highly selective localization of Rab3-YFP to the 
axons in young individuals, which is consistent with previous reports in larval photo-
receptor cells [126] and resembles the above described distribution of Syt1-eGFP.
Aged flies. As for Syt1-eGFP, a general increase of Rab3-YFP signal was observed 
in all subcellular compartments in aged flies. In the axons, the increase in distal parts 
was more pronounced than in proximal parts, but the specific enrichment in axon 
terminals and at the heel region is lost. Occasionally, Rab3-YFP was weakly detected 
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in the cell bodies of some aged individuals, potentially associated with the plasma 
membrane, as it resembled the distribution of membrane markers. In comparison to 
young flies, a weak, but intensified signal was abandoned in the dendritic calyx. Nev-
ertheless, Rab3-YFP remained preferentially  localized to the axonal compartment 
with a slight increase in the somatodendritic compartment in aged individuals (Figure 
18B). These minor age-dependent alterations of Rab3-YFP localization resembled 
alterations of Syt1-eGFP localization, but are less evident. Rab3-YFP appeared to be 
lower expressed than Syt1-eGFP, which might be the cause for the less pronounced 
increase in the somatodendritic compartment and proximal axons. As for Syt1-eGFP, 
the persistent expression of Rab3-YFP is likely to account for the observed increase 
in the somatodendritic compartment and localization of Rab3-YFP appears to be ma-
jorly maintained with age. 
Figure 18: Localization of Rab3-YFP in the MBs young (A) and aged flies (B)  
(A) In young individuals, Rab3-YFP selectively localized to the axonal compartment and was concentrated distal 
parts  of the axons, respectively the heel region and the bulbs of the MB lobes. (B) In aged flies, Rab3-YFP ma-
jorly maintained its preferentially localization to distal parts of the axons, but the distinct enrichment in the bulbs 
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and at  the heel region is lost. A weak signal of Rab3-YFP was present in dendrites and the cell bodies. The Geno-
type of the brains is 201Y Gal4;UAS-DenMark/UAS-Rab3-YFP. 
Schemes in the lower right  corner: Preferential localization of  Rab3-YFP is indicated in bright green. Increased 
concentrations are shown in dark green and minor localization in bright green.
5.5.2.3.  Synaptojanin (mis)localizes to the somatodendritic 
compartment in young and becomes axonally polarized with 
age.
Synaptojanin (Synj) is a phosphatidylinositol phosphatase [128], with functional and 
structural homologs found in humans, mouse, C. elegans, and lamprey [129-131]. 
Synj is essentially involved in clathrin mediated synaptic vesicle endocytosis [128]. In 
Drosophila, endogenous Synj was shown to specifically  localize to presynaptic termi-
nals at the neuromuscular junction and photoreceptor terminals [128]. This selective 
localization was confirmed for a transgenic fusion protein, consisting of Synj and 
eGFP (Synj-eGFP) at the neuromuscular junction of third instar larvae [132].
Young flies.  Synj-eGFP appeared to be highly expressed in the MBs of young flies, 
as it clearly labeled cell bodies and neuronal processes, without the need for anti-
body stainings. The signal of Synj-eGFP was relatively homogeneously  distributed to 
all subcellular compartments and appeared to be slightly stronger in the somatoden-
dritic compartment than in the axon (Figure 19A). This contrasts the previously re-
ported localization of Synj and Synj-eGFP to presynaptic terminals in other types of 
neurons [128,132], and may indicate that excessive expression levels of Synj-eGFP 
caused an aberrant localization of Synj-eGFP, as observed for the presynaptic pro-
teins Brp-GFP and Cac-eGFP and marginally  the synaptic vesicle proteins Rab3-YFP 
and Syt1-GFP. 
Aged flies. Compared to young individuals, Synj-eGFP signal in the somatodendritic 
compartment considerably  decreased, whereas it increased in distal parts of the ax-
ons from the heel region on. Most notably, Synj-eGFP signal was elevated in axon 
terminals, near presumably synapse rich regions and resembled the distribution of 
proteins involved in synaptic vesicle exocytosis. In summary, Synj-eGFP appeared to 
polarize to the axonal compartment in aged flies (Figure 19B), contrasting the homo-
geneous distribution in young. The striking alteration in the distribution of this exocy-
totic protein fits the generally  observed enrichment of presynaptic proteins, such as 
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Brp-GFP and Cac-eGFP as well as the endocytotic synaptic vesicle proteins, Syt1-
eGFP and Rab3-YFP in the axonal compartment with age. 
Figure 19: Localization of Synj-eGFP in the MBs young (A) and aged flies (B)  
(A) Close-up view of the left MB labelled with Synj-eGFP of a young fly,  obtained with a 60x oil objective. Synj-
eGFP was concentrated in the cell bodies and homogeneously labelled neuronal processes, respectively axons 
and dendrites (B) In aged flies, Synj-eGFP preferentially  localized to axons with a distinct enrichment in the bulbs 
and was less abandoned in the somatodendritic compartment. The Genotype of  the brains is 201Y Gal4;UAS-
DenMark/UAS- Synj-eGFP. 
Schemes in the lower right corner: Preferential localization of Synj-eGFP is indicated in bright green. Increased 
concentrations are shown in dark green and minor localization in bright green.
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6.Discussion
6.1.  Clear polarization of Drosophila mushroom body neurons 
in young individuals
Drosophila neurons have morphologically  clearly identifiable axons and dendrites, 
but it remains highly debated if and how Drosophila neurons are polarized on a mo-
lecular level. Only recently, it has become clear that many molecular aspects of neu-
ronal polarity  are conserved from Drosophila to mammals [40-42,48-51]. Several 
studies have shown the differential localization of exogenous and endogenous 
marker proteins to dendrites and axons in various types of neurons, including the 
mushroom bodies (MBs) [50,71]. Expressing transgenic GFP-fused proteins of hy-
pothesized axonal polarization in the MBs of young flies, we could confirm the selec-
tive or preferential distribution of membrane and cytosolic proteins to the axonal 
compartment. Most of the examined proteins showed a differential localization to ax-
ons compared to dendrites or the cell body. Consequently, our data indicates that the 
unipolar neurons of the Drosophila MBs share major features of neuronal polarization 
with mammalian neurons and provide therefore a simple, genetically tractable, model 
to study the complex processes of neuronal polarization in vivo, such as the mainte-
nance of neuronal polarization with age.
6.1.1. Polarization of membrane proteins 
6.1.1.1. Polarization of Integral membrane proteins
In mammals, several non-synaptic membrane proteins preferentially localize to axons 
or dendrites. In Drosophila, exogenous and endogenous cell adhesion molecules 
have been shown to be polarily  distributed to axons or dendrites in different types of 
neurons, including the MBs. For instance, a fusion protein consisting of the mammal-
ian cell adhesion molecules NgCam and YFP was shown to localize to the axons of 
mushroom body neurons in the larval brain [41], whereas a specific splice form of 
GFP-tagged Dscam specifically  localizes to the dendrites of MB neurons [133]. The 
clearest examples for axonally polarized integral membrane proteins are the round-
about receptors (Robo). GFP-fusion proteins of the three members of Robo protein 
family in Drosophila, Robo 1 to 3, were found to localize to specific segments of the 
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axon in cultured Drosophila neurons, which was confirmed in vivo, by expressing 
Robo-eGFP proteins in larval commisual neurons. Robo1-eGFP was found to local-
ize specifically to the cell body and the proximal partition of the axon, whereas Ro-
bo2- and 3-eGFP primarily  localized to distal axons.[71] Thus, the authors hypothe-
sized an additional subcompartmental division of axons into distinct compartments 
that are characterized by the selective localization of membrane molecules involved 
in axon guidance and synapse formation [50,71]. In concert with these findings, we 
found GFP-fusion proteins of Robo 1, 2 and 3 to be preferentially  localized to the 
axon of the MBs in 3-7 day old (young) flies (Figure 7A, 8A and 9A). GFP-tagged 
Robo 2 (Robo2-GFP) and Robo 3 (Robo3-GFP) selectively localized to the axons, 
while being depleted from the somatodendritic compartment and also GFP-tagged 
Robo1 (Robo1-GFP) showed a preferentially axonal localization in young individuals. 
Hence, it appears that Drosophila MB neurons share the ability to selectively target 
membrane proteins to certain subcellular compartments with vertebrate neurons. 
Moreover, we observed a selective localization to distinct segments of the axon in 
MB neurons for Robo2-GFP and less evident for Robo3-GFP. Both proteins were en-
riched in distal parts of the axons, suggesting a potential axonal subcompartmentali-
zation of Drosophila MB neurons in young individuals, as it has been previously 
shown for larval commisual neurons [71].
6.1.1.2. Polarization of GPI-anchored
Among the first proteins identified to selectively localize to the axon in mammalian 
neurons were membrane associated glycosyl phospatidylinositol (GPI)-anchored pro-
teins [85]. GPI-anchored proteins associate shortly after synthesis with glycosphin-
golipid rich domains in the trans-Golgi network that are thought to be involved in ax-
onal trafficking of proteins and are subsequently targeted to the axon in primary hip-
pocampal neurons [85,87,88]. Currently, axonal polarization of GPI-anchored pro-
teins in Drosophila neurons has not been shown, but a GPI-anchored reporter protein 
was shown to preferentially  localize to glycosphingolipid rich domains of the plasma 
membrane, which may have potential implications on axonal trafficking of proteins 
[87]. Expressing this GPI-anchored reporter protein, consisting of GFP fused to a 
GPI-anchor (GFPgpi) in MB neurons of young flies, we observed a uniform distribu-
tion of GFPgpi (Figure 10A), indicating no polarized distribution of GPI-anchored pro-
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teins in Drosophila MB neurons. It has to be noted that the GFPgpi UAS insertion 
was expressed at basal levels in the MB in absence of the Gal4 driver. Even if ex-
pressed only at basal levels, GFPgpi was observed to be uniformly distributed, sug-
gesting that independent of protein levels, GFPgpi is uniformly localized. Thus, it ap-
pears that GPI-anchored proteins are not targeted to the axon in Drosophila MB neu-
rons, contrasting previous findings in primary hippocampal cell culture [85]. But as 
studies in cultured cortical neurons have proven that simple addition of a GPI-anchor 
is not sufficient to target exogenous proteins to the axonal compartment [134] and 
several GPI-anchored proteins are known to be polarily distributed to the axon in 
Drosophila, we might have to restrict our statement to the localization of GFPgpi. The 
uniform distribution of this transgenic protein, may not reflect a general property  of 
GPI-anchored proteins and like in mammalian systems, simple addition of a GPI-
anchor might not be sufficient to target proteins to the axonal compartment in Droso-
phila.
Apart from the targeted expression in the MB of young flies, we could additionally  de-
tect high levels of GFPgpi in the outer ring of the ellipsoid bodies, a brain structure, 
which forms extensive synaptic connections with the axons of MB neurons. No 
GFPgpi signal was present in the absence of the 201Y Gal4 driver, suggesting that 
the detected signal had not been caused by basal expression of GFPgpi in the ellip-
soid bodies. In larval cells of the imaginal disc, GFPgpi was shown to be released 
from the basolateral membrane of expressing cells within membrane exovesicles, 
termed argosomes [135]. GFPgpi carrying argosomes travel through the intracellular 
space and are subsequently inserted in the apical membrane of non-expressing cells 
[135]. The same may apply to MB neurons, where GFPgpi is released from the 
plasma membrane of expressing cells and associates with the membrane of proxi-
mal, non-expressing cells, in this case the ellipsoid bodies. In addition our observa-
tion may suggest that high levels GFPgpi are required for the release from the 
plasma membrane, as no GFPgpi signal was detected in the outer ring of the ellip-
soid bodies in the absence of Gal4, when GFPgpi was expressed at basal levels in 
the MBs. Argosomes have been proposed to be important for the spreading of mor-
phogens, such as the GPI-anchored morphogen wingless [135]. The absence of 
GFPgpi in the ellipsoid bodies in the aged brains, might potentially suggest that this 
ability  of spreading is lost with age, reinforcing a potential role in the young or devel-
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oping brain, as MB development is thought to continue through the first week poste-
closion [55]. 
6.1.2. Polarization of microtubule associated proteins 
A key feature of neuronal polarity in vertebrates is the distinct organization of the cy-
toskeleton, including the differential distribution of microtubule associated proteins 
(MAPs). MAPs are polarily distributed in mammalian neurons and frequently used as 
axonal or dendritic markers [89,91]. Dephosphorylated Tau exclusively localizes to 
the axon of mammalian neurons [15] and is a classically used axonal marker. Al-
though controversial results have been obtained for the localization of Tau proteins in 
Drosophila, endogenous and exogenous Tau proteins have been used as axonal 
markers in Drosophila neurons. Exogenous bovine Tau was reported to preferentially 
localize to the proximal axons of MB neurons and was less abundant in dendrites 
[41]. In a later review the authors stated a dendritic and axonal localization based on 
the same results, reflecting the localization of endogenous GFP-tagged Tau to den-
drites as well as axons [40]. We found exogenous mouse Tau tagged with GFP 
(mTau-GFP) to preferentially  localize to the cell bodies, dendrites and proximal axons 
in the MBs of young flies, with no significant enrichment in the axonal compartment. 
Furthermore we could observe a premature decline in fitness and early  death of 
mTau-GFP expressing flies. This fits to a recent report in which the expression of 
human Tau proteins was shown to cause an accumulation of hyperphosphorylated 
human Tau in the somatodendritic compartment [136]. Hyperphosphorylated human 
Tau was mostly recovered in its soluble cytosolic species as a consequence of the 
poor ability of human Tau proteins to bind microtubules in Drosophila. Thus the local-
ization of human Tau protein does not reflect the localization of endogenous Droso-
phila Tau [136]. The disability of human Tau to bind microtubules in Drosophila might 
as well apply  to other mammalian Tau proteins and account for the high levels of 
mTau-GFP in the cell body and dendrites, which may have spread to the proximal 
axon. This would additionally  explain the observed premature decline of fitness and 
early death of mTau-GFP expressing flies, as expression of human Tau in Drosophila 
was hypothesized to mimic the pathology of tauopathies, where accumulation of Tau 
proteins leads to neurodegeneration, cognitive decline and subsequently early death 
of the individual [136]. Thus, we conclude that available constructs of exogenous 
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mammalian Tau proteins can not be used as axonal markers in Drosophila and do 
not reflect the localization of endogenous Tau protein. This renders it impossible, to 
draw conclusions on the polarized distribution of Tau protein based on the localization 
of exogenous mouse Tau in Drosophila. 
6.1.3. Polarization of anterograde motor proteins and adaptors 
Motor proteins and their associated adapters are of central importance for polarized 
trafficking of proteins and consequently the establishment and maintenance of axonal 
function. Both types of transport proteins are likely to govern the specificity of neu-
ronal transport and several were shown to selectively  localize to either dendrites or 
axons in Drosophila and mammalian neurons [95-99]. For instance, a fusion protein, 
consisting of the motor domain of the kinesin family member nod and YFP, selectively 
localizes to dendrites in larval MBs [41], whereas Kinesin type 3 immaculate connec-
tions (Imac) was reported to localize to the axon of motor neurons [101]. We found 
two independently  acting GFP-tagged proteins that are majorly involved in antero-
grade transport and its regulation, immaculate connections (Imac-GFP) and App-like-
protein interacting protein 1 (Aplip1-eGFP) to selectively localize to the axonal com-
partment in the MBs of young flies. Both proteins were absent from dendrites, reveal-
ing a highly  selective trafficking of these proteins to the axonal compartment. Moreo-
ver, Imac and Aplip1 were observed to be enriched in the most distal parts of the ax-
ons, which presumably correspond to axon terminals and are thought to harbor pre-
synaptic structures [103,113]. Our observations are consistent with the previously re-
ported localization of Imac and Aplip1 to the axon of Drosophila motor neurons, and 
the enrichment of Imac in axon terminals and near synapse rich regions of the brain 
[97,101,102]. Both proteins are essential for the delivery  of presynaptic constituents, 
such as Synaptobrevin and Synaptotagmin bearing vesicles, and their preferential 
localization to distal segments of the axons might substantiate the presence of pre-
synaptic sites exclusively in axon terminals within the MB lobes. Additionally we 
found both proteins to be enriched at the heel region, where the axons that run to-
gether through the peduncle split and innervate the different lobes. Similarly, interac-
tion partners of Imac that are involved in the trafficking of synaptic vesicles, Syt1-
eGFP and Rab-YFP, accumulated in the same region, suggesting that the heel region 
might constitute a bottleneck, where trafficking proteins and vesicles stall, before they 
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are further transported to distal parts of the axon. Furthermore synaptic connections 
in this region have been reported [62,103], which might further contribute for this 
concentration of proteins involved in axonal transport of synaptic constituents. 
Our findings confirm the polarized distribution of proteins involved in anterograde 
transport in Drosophila MB neurons and highlight the specificity  of motor and adaptor 
protein trafficking to certain subcellular compartments, which might reinforce the hy-
pothesized function of motor proteins and adaptors in regulating the specificity of mi-
crotubule based transport to the axon.
6.1.4. Polarization of presynaptic proteins (?)
In mammalian motor or hippocampal neurons, presynaptic components are classi-
cally restricted to the axon and postsynaptic constituents to dendrites [2,107,108]. 
But in some mammalian interneurons, synaptic vesicles localize to dendrites and 
harbor presynaptic sites [69]. In Drosophila, the polarized distribution of presynaptic 
proteins has been most thoroughly studied in motor neurons, where antibody 
stainings and tagged proteins showed a similar distribution of pre- and postsynaptic 
markers as in mammalian motor neurons [40]. For example, a highly selective local-
ization to axon terminals was observed for active zone proteins Cacophony [119-121] 
and Bruchpilot [110,111], as well as synaptic vesicle proteins Synaptobrevin [137] 
and Synaptotagmin [49,126]. Similar results have been obtained for other types of 
Drosophila neurons, including CCAP peptidergic neurons and sensory neurons 
[40,138,139]. But as in mammals, there are exceptions from this classic model. Cen-
tral neurons that process information frequently  have processes that contain both, 
pre- and postsynaptic structures, as exemplified by serotonergic interneurons [140]. 
Likewise, a dendritic localization of synaptic vesicles has been shown in MB neurons 
and the presence of presynaptic sites in the dendrites of MB neurons has been hy-
pothesized [41]. In contrast, extensive immuno electronmicroscopy studies of synap-
tic connections in the dendritic calyx revealed no presynaptic connections in MB neu-
rons [56,141]. Thus it remains to be elucidated wether presynaptic structures are 
present in the dendrites of MB neurons.
We obtained divergent results for the localization of fluorescently-tagged presynaptic 
proteins. GFP-tagged active zone proteins Bruchpilot (Brp-GFP) and Cacophony 
(Cac-eGFP) and the synaptic vesicle associated protein Synaptojanin (Synj-eGFP) 
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massively  accumulated in the cell bodies and localized to axons as well as dendrites 
of MB neurons in young individuals. Subsequent antibody stainings of endogenous 
Bruchpilot (Brp) revealed a preferential localization of Brp  to distal axons of the lobes 
and showed that the accumulation in the cell bodies and proximal axons of the MBs 
in young individuals was most likely an artifact of Gal4-driven expression, as none of 
the endogenous protein was abandoned in these regions. Interpretation of the anti-
body staining in the complex dendritic calyx was difficult, since accurate resolution of 
presynaptic and postsynaptic structures would require a higher resolution, as ob-
tained by immuno electronmicroscopy. However, by the available means we could 
not observe a significant colocalization of the dendritic maker and endogenous 
Bruchpilot, indicating that there are no extensive presynaptic connections in the den-
dritic calyx. Likewise, previous immuno electronmicroscopy studies of the dendritic 
calyx showed numerous postsynaptic sites in the dendrites of MB neurons, but no 
presynaptic sites [56,141]. In summary, these findings may indicate that there are no 
presynaptic structures in the dendrites of MB neurons, or less than the intensive sig-
nal of fluorescently-tagged presynaptic proteins in the dendrites shows. Hence, the 
detection of fluorescently-tagged presynaptic proteins in the cell bodies or dendrites 
of MB neurons in young flies most likely  accounts for an artifact of excessive Gal4-
driven expression. Contrasting the localization of active zone proteins, fluorescently-
tagged exocytotic synaptic vesicle protein Rab 3 (Rab3-YFP) exclusively localized to 
the axons, and also Synaptotagmin 1 (Syt1-GFP) preferentially localized to the ax-
onal compartment. The preferentially axonal localization of exocytotic synaptic vesi-
cle proteins is in line with the axonal localization of Imac-GFP, which is required for 
axonal transport of Syt1 bearing synaptic vesicles. This further supports a mainly ax-
onal localization of synaptic vesicles and associated proteins and may reinforce the 
presence of presynaptic structures primarily  or exclusively  in the axons of Drosophila 
MB neurons. The aberrant detection of Brp-GFP, Cac-eGFP and Synj-eGFP compli-
cated the evaluation of the polarized distribution of presynaptic proteins in the MB of 
young flies. But the recent study of Nicolai and colleagues using DenMark to charac-
terize the „dendrome“ of four different neuronal populations in the Drosophila brain 
showed that even if dendrites are morphologically  distinguishable from axons, they 
acquire their complete molecular identity relatively  late in development [78]. The 
same may account for axons, which might not have acquired their full presynaptic 
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specialization in the young stage, leading to the mislocalization of synaptic constitu-
ents in MB neurons of young flies. Controversially, proteins involved in anterograde 
transport of these constituents might more reliably  localize to the axon at this stages, 
as they are increasingly required to achieve the final molecular specialization of the 
axon. Apparent high expression levels of the transgenic presynaptic proteins Brp-
GFP and Cac-eGFP, as well as to a minor degree Syt1-GFP, might have additionally 
contributed to the mislocalization, as a consequence of excessive protein levels. In 
accordance with the preferentially axonal localization of Syt1-GFP, Rab3-YFP and 
the synaptic vesicles transporting Imac-GFP, as well as the antibody staining for en-
dogenous Bruchpilot, this suggests an axonal polarization of presynaptic proteins 
and thus a classical polarization of presynaptic proteins in the MBs of young flies.
6.2. Maintenance of polarized protein distribution with age
Up  to now, studies regarding neuronal polarization have focused on developmental 
or early stages in life. Surprisingly, the possibility of age-dependent changes in neu-
ronal polarity has never been examined. Thus, having confirmed the axonal polariza-
tion of several transgenically expressed proteins in the MBs of young Drosophila 
neurons, we examined the possibility of potential alterations in the polarized distribu-
tion of these proteins with age and found differences in the polarized behavior of 
several proteins with age.
6.2.1. Differential localization of axonally polarized membrane 
proteins with age
As discussed above, we found transgenic GFP-fusion proteins of the three Droso-
phila Robo receptor isoforms to preferentially or exclusively localize to the axon in the 
MBs of young flies. In aged flies, we observed transgenic Robo proteins to behave 
differentially regarding the maintenance of their localization. Robo2-eGFP, which 
most reliably localized to the distal axon in young, remained polarily distributed, 
whereas the distribution of Robo1-eGFP and Robo3-eGFP was notably different. The 
abundance of both proteins, Robo1-eGFP and Robo3-eGFP, in dendrites, increased 
while being reduced in the axons, suggesting a shift in the axonal/dendritic ratio of 
the proteins in the MBs of aged flies. This observation may indicate alterations in se-
lective targeting or retention of these proteins in the axon. Membrane proteins were 
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found to be retained at their designated location in the plasma membrane by different 
mechanisms, as it has been shown for the somatodendritic membrane receptor DRL 
and Robo3 [71]. Localization of DRL was shown to be dependent on dynamin medi-
ated endocytosis, while localization of Robo3 is maintained independent of dynamin 
[71]. The now observed differential behavior of Robo2-eGFP compared to Robo1-
eGFP and Robo3-eGFP might suggest that even proteins that are targeted to the 
same subcellular compartment, respectively the axon, are retained by different 
mechanisms, of which one/some might be impaired in aged MB neurons. On the 
other hand, endogenous Robo proteins are majorly involved in early developmental 
processes and were shown to be expressed only at basal levels in dorsal root gan-
glia of the adult rats [83,84], which may as well be true for their expression in Droso-
phila MB neurons. Accurate localization of Robo1-eGFP and Robo3-eGFP could be 
dependent on their function and the persistent Gal4 induced expression might have 
caused the altered distribution in aged individuals. But even if these alterations donʻt 
represent a general rearrangement of the localization of endogenous Robo protein 
isoforms, it is surprising that Robo1-eGFP and Robo3-eGFP distribution was altered, 
whereas the localization of Robo 2 was maintained. Potential causes for the altera-
tion of the localization of certain Robo receptor isoforms remain to be elucidated and 
further research on the mechanisms underlying the polarized distribution of mem-
brane proteins is required to clarify this question.
6.2.2.  Maintenance of the polarized localization of motor pro-
teins and adapters with age 
In the MBs of young flies, we found the transgenic transport proteins Imac-GFP and 
Aplip1-GFP to exclusively localize to the axon, with a concentration in the most distal 
parts of the axons, respectively axon terminals. In aged flies, we could observe no 
significant alterations in the distribution of Imac-GFP or Aplip1-GFP. Both maintained 
their highly  selective localization to the axon and remained enriched in distal parts of 
the axons. Imac and Aplip1 are involved in different aspects of axonal transport, as 
Imac is involved in the delivery of presynaptic components, whereas Aplip1 has 
broader functions in linking various membranous organelles to Kinesin type 1. The 
divers functions of these two proteins may allow us to draw broader conclusions on 
the localization of axon-specific anterograde transport proteins. Consequently, the 
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unchanged localization of both proteins might indicate an unchanged behavior of pro-
teins involved in axon-specific anterograde transport with age and hence no general 
alterations of the transport to the axon. Our findings further substantiate the hypothe-
sized role of motor and associated proteins in governing the polarized sorting and 
trafficking of subcellular components, as they most reliably localized to their desig-
nated location within the cell, whereas their associated cargos showed slight mislo-
calizations, such as Syt1-eGFP. Moreover, we found an age-dependent increase in 
distal axons for both anterograde transport proteins, potentially  indicating an increase 
in transport to axon terminals. More specifically, the enrichment of Imac-GFP in axon 
terminals of aged flies points to an increased delivery of presynaptic components as 
a consequence of synapse maturation and strengthening. On the other hand, a re-
duced expression of genes involved in vesicle or protein transport, including Dynein 
and Kinesin, has been shown in the cortex of the aged human brain [142] and a gen-
eral reduction of axonal transport was reported to proceed pathologic symptoms of 
several age-associated neurological diseases, including Alzheimer disease [35]. Ref-
erences in Drosophila are still missing, but the enrichment of the transgenically ex-
pressed transport proteins in the axon may alternatively point to a compensatory 
mechanism, in which the transgenic proteins become enriched in the axon to com-
pensate for the reduced levels of the endogenous proteins. Then again, it can not be 
ruled out that the increase in axonal fluorescence was a result of persistent Gal4-
driven expression. But this can be considered rather unlikely as both proteins be-
came specifically enriched in distal parts of the axon, whereas no notable increase 
was observed in other parts of the axon. 
6.2.3. Age-dependent changes in the distribution of presynaptic 
proteins (?)
We found the transgenic presynaptic proteins Brp-GFP, Cac-eGFP and Synj-eGFP to 
mislocalize to the cell bodies and presumably dendrites of the MBs in young flies. In 
aged flies, we observed a clear rearrangement in the distribution of these proteins, 
leading to a preferentially  axonal localization and a significant reduction in dendrites 
and cell bodies.  Consistently, the endocytotic synaptic vesicle proteins Syt1-eGFP 
and Rab3-YFP, which showed a preferentially axonal localization in the young, re-
mained concentrated in the axon, although marginally  detectable in the dendrites. 
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But a more pronounced enrichment of the proteins was observed in the axonal com-
partment. Taken together with the highly selective axonal localization of Imac-GFP, 
which is required for axonal transport of Syt1-bearing synaptic vesicles, in aged flies, 
the age-associated enrichment or preferential localization of synaptic vesicle 
associated proteins in the axon indicates that the minor localization of the proteins to 
dendrites can be contributed to persistent Gal4-driven expression and excessive pro-
tein levels, leading to a mislocalization of the proteins. Hence, synaptic vesicle pro-
teins can be reasonably  assumed to maintain their preferentially  axonal localization 
in aged MB neurons. In summary, all presynaptic proteins, regardless of being 
associated with the plasma membrane or synaptic vesicles, became preferentially 
localized to the axonal compartment with age, which is consistent with the previously 
reported localization of these proteins to axon terminals of motor neurons and photo-
receptor cells. Furthermore, the distribution of exogenous presynaptic proteins in 
aged individuals resembles the distribution of endogenous bruchpilot in young flies. 
Thus, this distribution is more likely  to reflect the distribution of the endogenous pro-
teins, than the rather uniform localization of the transgenic proteins in the young 
stage.
UAS-insertions of Brp-GFP, Cac-eGFP and Synj-eGFP were highly expressed in the 
MBs, which is likely to account for the massive accumulation of these proteins in the 
cell bodies and mislocalization to the dendrites. The reduced levels of the three pre-
synaptic proteins in aged individuals and the preferential localization to the axons 
might suggest that presynaptic connections are not fully  established in the early 
stages, leading to a retention of the proteins in the cell body and a mislocalization to 
dendrites. As a consequence of synapse maturation and the reported increase in 
synapse size with age [143], which presumably  requires an increased integration of 
newly synthesized proteins, the retention may be partially  abolished and presynaptic 
proteins are progressively transported from the cell body to the axon. Then again, 
expression of proteins involved in synaptic function was shown to decline in the aged 
brain of Drosophila melanogaster and mammals, as shown for Rab  3 in Drosophila 
[144], Rab3A and Syt1 in humans [142]. Moreover, age-associated damages of the 
Synj promoter, resulting in a reduced expression in the human cortex were shown 
[142]. Hence, the increase in the axonal localization of transgenic presynaptic pro-
teins and the concurrent reduction in dendrites may alternatively point to an in-
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creased recruitment of these proteins to the axon, in order to compensate for the 
reduction of endogenous proteins in aged individuals, whereas the transport of trans-
genic presynaptic proteins to the axon might be restricted in the young, as a conse-
quence of protein saturation or competition with endogenous proteins. Again, it can 
not be ruled out that mislocalization was caused by major limitations of the UAS/Gal4 
system. Decreased 201Y-driven expression of the Brp-GFP, Cac-eGFP and Synj-
eGFP insertions and thus reduced protein levels might have led to a more reliable 
localization of these proteins to their designated sites in the axon. No reduction of 
201Y-driven expression was evident for any other proteins and most candidate pro-
teins appeared to become enriched in the MBs with age. Thus, this explanation 
seems rather unlikely  to account for the observed alterations in the distribution of 
presynaptic proteins. However, potential age-dependent alterations in the distribution 
of presynaptic proteins remain questionable, as we obtained ambiguous results by 
the available experimental means. Antibody stainings for the endogenous proteins 
and assessment of endogenous or transgenic protein levels in the MBs of young and 
aged flies might help to clarify, why transgenic presynaptic proteins tend to mislocal-
ize and whether the observed alterations for transgenic proteins reflect to any  degree 
an alteration in the distribution of endogenous presynaptic proteins.
In summary we found alterations in the polarized distribution of two transgenic mem-
brane proteins, Robo1 and Robo2-eGFP, whereas proteins involved in anterograde 
axonal transport remained highly polarized, suggesting no general alterations in the 
polarized trafficking of proteins to the axon. The more surprising are the observed al-
teration in the distribution of membrane proteins. The mechanisms that govern and 
regulate the polarized distribution of subcellular components and thus neuronal polar-
ity remain highly  elusive, but certainly involve several highly-regulated steps, each of 
which is likely  to be dependent on numerous factors. An impairment in any  of these 
steps would result in various polarity defects, such as targeting or retention of pro-
teins at their destination. Regardless of potential causes and consequences, addi-
tional experiments are required to ascertain our findings. Firstly verification of the re-
sults in additional age groups might be required to substantiate our findings. Repeat-
ing the experiments with young flies that are older than seven days might allow to 
rule out that the observed localization in the young age group reflects a developmen-
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tal stage in which certain aspects of polarity, such as synapse formation, have not 
been fully established. Moreover, flies older than 45 days, as a control for aged flies 
to ascertain that the observed distribution reflects indeed the localization in old indi-
viduals. As obvious from our experiments, the expression level of a given protein is 
crucial for its proper localization and overexpression of proteins necessarily leads to 
a mislocalization of the protein. Thus, a pulsed expression of the proteins in young 
and aged flies by a combination of the Gal4 system with the Gal80 repressor might 
be beneficial, to obtain an equal time of expression in each age group and conse-
quently  similar protein levels. In any case, antibody  stainings to determine the local-
ization of the endogenous proteins in young and old flies are recommendable, to as-
sure that the localization of transgenic proteins reflects the distribution of the en-
dogenous protein. Most studies on protein localization and neuronal polarity in Dro-
sophila have exploited the unquestionably  useful genetic tools, but as evident from 
our results, overexpression may easily leads to artifacts and account to a great ex-
tent for the confusion in the discussion on the polarity of Drosophila neurons.
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8.Appendix
8.1. Abbreviations
Aplip1 App-Like-Protein Interacting-Protein 1
App Amyloid-Precursor-Protein
ATP Adenosintriphosphate
AZ Active zone 
Brp Bruchpilot
Ca2+ Calcium ions
Ca2+-channels Calcium ion channel
Cac Cacophony
CAST CAZ-Associated Structural Protein
CNS Central Nervous System
Cyo Curly O (Balancer chromosome)
DenMark Dendritic Marker
dephospho-Tau Dephosphorylated Tau protein
Dscam Drosophila Down Syndrome Cell Adhesion Molecule
eGFP Enhanced Green Fluorescent Protein
ERC ELKS Rab3- Interacting Protein CAST
GABA γ-Aminobutyric Acid
GFP Green Fluorescent Protein
GFPgpi Green Fluorescent Protein fused to GPI
GPI Glycosylphosphatidylinositol
GTP Guanosine-5'-triphosphate
Imac Immaculate Connections
JIP 1 Janus Kinase Scaffolding Protein 1
JNK Janus Kinase 
K+ Kalium Ion
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Khc Kinesin Heavy Chain
Kif Kinesin Superfamily Protein
Kif1bβ Kinesin Superfamily Protein bβ
LNv Lateral Neuron Ventral (Ventral Lateral Neurons)
MAP Microtubule Associated Protein 
MB Mushroom Body
mCD8 Mouse Cluster of Differentiation 8
MT Microtubule
mTau Mouse Tau protein
Na+ Sodium Ion
NgCam Neuron Glial Cell Adhesion Molecule
Pax-DG Protein Blocking Solution
PBS Phosphate Buffer Saline 
PBT Phosphate Buffer Saline containing Triton 
PN Projection Neurons
Rab3 Ras-like Protein in Rat Brain 3 
Robo Roundabout Receptor
SFV-E Semiliki Forest Virus Glycoprotein E
Synj Synaptojanin 
Syt1 Synaptotagmin 1
UAS Upstream Activating Sequence
VSV-G Vesicular Stomatitis Virus Protein G
YFP Yellow Fluorescent Protein
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